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GENERAL INTRODUCTION 
Oats (Avena sativa L.) have been an important part of traditional 
crop rotations for the midwestem USA. It is a crop well adapted to 
soil conservation practices, to livestock rearing operations, and to 
organic agriculture, and it contributes to species diversity in the 
farming industry. In addition, oats are highly nutritious. They have 
the highest (caryopsis) groat-oil concentration among the cereals 
(Weber, 1973; Price and Parsons, 1975) and only rye has an equally high 
groat-protein concentration (Frey, 1976). Oat protein is of higher 
quality than other cereal proteins (Frey, 1950; Robbins et , 1971), 
and oat oil is both stable and relatively high in essential linoleic 
acid (Youngs and Puskulcu, 1976; Kalbasi-Ashtari and Hammond, 1977). 
Oat production has declined precipitously over the last two decades, 
however, because this crop is not as profitable as com (Zea mays L.) or 
soybeans (Glycine max (L.) Merr.). Perhaps this trend could be reversed, 
to the benefit of sustained high levels of agricultural production in 
the Midwestern USA, if the market value of oats was increased. High 
groat-oil content of oats is an apposite breeding objective because 
genetic, agronomic, and economic considerations indicate a high proba­
bility for the attainment of high groat-oil content in adapted culti-
vars. Grain of such cultivars should be useful as a high-energy feed 
grain, and possibly in the long term, as a source of edible vegetable 
oil. These uses might make oats an economically competitive crop for 
midwestern agriculture. 
The average groat-oil content of oats grown in the central USA is 
2 
5 to 8%. Wide genetic variation for groat-oil content exists in hexa-
ploid Avena species, however, with reported values ranging from 2.0 to 
11.8% (Frey and Hammond, 1975; Brown and Craddock, 1972; Sahasrabudhe, 
1979). Heritability of groat-oil content is high (Baker and McKenzie, 
1972) even on a single-plant basis (Stuke, 1960; Brown et al., 1974). 
Effects of genotype x environment interaction on oil content is minor 
relative to the effects of genotype (Hutchinson and Martin, 1955; Stuke, 
1960; Baker and McKenzie, 1972; Frey and Hammond, 1975; Youngs and 
Forsberg, 1979), and gene action is primarily additive (Baker and 
McKenzie, 1972; Brown et al., 1974; Ahmed, 1978; Barrales Vega, 1979). 
For these reasons, genetic improvement of groat-oil content in oats 
should respond to selection. Baker and McKenzie (1972) concluded that 
no one genotype in the materials they studied contained all possible 
high-oil alleles, and therefore, groat-oil content could be raised by 
using only alleles in their material. 
The value of oats for oil extraction will depend not only on total 
groat-oil content, but also upon grain yield and the value of the resid­
ual meal as a protein feed source (Downey, 1976). Groat-oil content is 
positively associated or independent of grain yield, kernel weight, and 
test weight (Hutchinson and Martin, 1955; Stuke, 1960; Brown et al., 
1966; Forsberg ^  , 1974; Gullord, 1980). High levels of both oil and 
protein have been observed in some oat genotypes and it appears that 
present levels of protein in oat groats can be maintained if groat-oil 
^H. W. Rines and R. P. Halstead, 1977-1981, Uniform early and mid-
season oat performance nursery, Ag. Res., SEA, USDA, N. Central Region, 
St. Paul, Minn. Unpub. Yearly. By permission. 
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content is increased (Stuke, 1960; Youngs and Forsberg, 1979). 
Frey and Hammond (1975) calculated that an oat cultivar with a 
groat-oil content of 17% and present groat protein and grain yield levels 
would be economically competitive with soybeans as a source of culinary 
oil. Hammond (1982) estimated that extraction of oil from oats with an 
oil content of 10% would add as much as 34ç per bushel to the value of 
oats after paying the costs of extraction. Stothers (1977) found that 
oats with 9% oil were superior in feeding value for hogs to oats with 
7.5% oil and equal to barley, despite the fact that oats have a higher 
fiber content than does barley. High-oil oat cultivars also might have 
potential as a winter crop in subtropical areas (Downey, 1976). 
My studies represent the application of plant breeding theory to 
the practical problem of breeding for high groat-oil content of oats. 
The specific objectives were to verify, in genotypes adapted to Iowa, 
the reported favorable relationships of groat-oil content and agronomic 
traits; to determine the feasibility and the optimum methods of breeding 
for iipeeilic faLLy acid composition (oil qualiuy); to confirm che nature 
of environmental and genetic effects on groat-oil content in adapted 
and exotic materials; and to investigate the possibility that high-oil 
alleles in A. sterilis differ from those present in A. sativa. The 
information obtained from these studies is pertinent to developing an 
appropriate, efficient breeding program. 
Explanation of Dissertation Format 
This dissertation uses an alternate format. It consists of separate 
sections in the form of complete papers that will be submitted to 
4 
professional journals. A general introduction precedes the sections 
and a general discussion and summary follows. Literature cited in the 
general introduction is listed in "Additional Literature Cited" on 
p. 141. The alternate format is authorized on p. 6 of the 1981 edition 
of the Iowa State University Thesis Manual. 
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PART I. GROAT OIL CONTENT AND GRAIN YIELD OF OATS (AVENA SATIVA L.) 
6 
ABSTRACT 
Raising the energy content of the oat (Avena sativa L.) groats by 
increasing their oil percentage could improve the economic value of 
oats as ci feed grain and as a source of culinary oil for human con­
sumption. Relative importance of genotype x environment interaction 
for groat-oil content and grain yield and the correlations of oil con­
tent with yield and maturity were evaluated for ten cultivars grown in 
three Iowa locations in each of two years. 
Cultivar x location mean squares were significant for both traits 
but were much smaller, relative to cultivar mean squares, for groat-oil 
content than for grain yield. Ranking of oat cultivars for groat-oil 
content was similar in all environments. Oil content was positively 
correlated with grain yield in both years (r = 0.62* and 0.63*) and 
negatively but nonsignificantly associated with maturity (r = -0.28 and 
-0.48). These relationships are favorable for the development of high-
yielding, high-groat oil cultivars. They are in agreement with previous 
reports and may apply generally within A. sativa. 
7 
INTRODUCTION 
The primary midwestern two-crop rotation of com and soybeans is 
accompanied by heavy soil erosion and impoverished crop diversity. This 
rotation persists because no other adapted crops bring such high net 
returns per acre. If the oat (Avena sativa L.) crop could be made more 
profitable, oat production area might increase, to the benefit of mid-
western USA agriculture. Oats fit well into soil conservation cropping 
systems and would restore a diversity to the rotation that could reduce 
agricultural vulnerability to diseases and insects (Day, 1977). Re­
searchers in Canada and the USA have suggested periodically that breed­
ing for high-oil content would augment the value of the oat crop (Brown 
^ , 1966; Klinck, 1967; Brown and Craddock, 1972; de la Roche et al., 
1977; Forsberg et , 1974). Oats are highest in kernel oil content 
among the cereals (Weber, 1973; Price and Parsons, 1975), but the low 
energy content of the fibrous hull restricts the use of oats as a feed 
grain (Hutchinson and Martin, 1955; Brown and Craddock, 1972). In feed­
ing trials in Manitoba, "high-oil" oats (9%) were similar to regular 
barley in feeding value for swine (Stothers, 1977). 
Initially, the value of high-oil oats should result from a larger 
market for oats as a higher-energy feed grain. Prey and Hammond (1975) 
calculated that an oat cultivar with 17% groat-oil content and present 
levels of groat protein and grain yield would be competitive for oil 
extraction. They assumed that because oat oil is both a stable and a 
nutritional oil (Forsberg al. , 1974; Youngs and Piiskiilcu, 1976; 
8 
Kalbasi-Ashtari and Hammond, 1977; Karow, 1980), its price would be 
higher than soy oil and comparable to the price of com oil. With 
present state average yields for Iowa, oats with 6% oil produce less 
than one-fifth as much oil per ha as do soybeans (Table 1). If groat-
oil content were increased to 17% and grain yields remained at the state 
average level, oat oil production per ha would be about one-half that 
of soybeans. Oats in the Midwestern USA presently are grown with poor 
husbandry on marginal land, but with good field husbandry, commercial 
oats can yield up to 3,580 kg/ha (100 bu/a) with present day cultivars. 
At this level of production, oats with 17% groat oil would yield 461 
kg/ha of oil, or about three-fourths the production of oil from a well-
managed commercial soybean crop and, presumably, bring a higher price 
per kg. Hammond (1982) calculated that extraction of oil from oats 
with 10% groat oil would add $0.34 net to the value of a bushel of oat 
grain (about 20%), independent of grain yield and groat-protein content. 
The primary objective of this study was to ascertain the relation­
ship bctwccu groat—oi-l coiicênt (at levels presently exLstzng in adapted 
cultivars) and grain yield. This information is pertinent to undertak­
ing a breeding program to achieve a high level of groat-oil content in 
agronomically suitable cultivars. 
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Table 1. Actual oil and protein production of oats and soybeans in 
Iowa, and estimated production if groat-oil content of oats 
were 17% 
Yield of: Hull- Groat or seed 
Grain Oil Pro­tein 
ing 
loss Oil 
Pro­
tein 
Iowa state averages, 
1981 
kg/ha 
Oats (actual) 2148(60) 107 268 23 6.6 16.5 
(estimated) 2148(60) 281 268 23 17.0 16.5 
Soybeans (actual) 3360(50) 594 1386 18.0 42.0 
Highest observed yields, 
Iowa Variety Trials 
Oats (1976)0 
(actual) 
(estimated) 
Soybeans (1981)^ 
(actual) 
7160(200) 
7160(200) 
4368(65) 
375 
973 
850 
850 
786 1663 
29 
29 
7.5 17.0 
17.0 17.0 
18.0 42.0 
Frey and Hammond (1975) 
Oats (estimated)*^ 2864(80) 373 461 
Soybeans (actual) 2352(35) 439 1016 
17.0 21.0 
19.0 44.0 
^(bu/a). 
^•Lang". 
•^'551' . 
^Assumptions: oat oil price = corn oil price > soybean oil price 
oat protein price = soybean protein price 
oat production costs =2/3 soybean production costs. 
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REVIEW OF LITERATURE 
Recently, Hammond (1982) has reviewed the literature on groat (cary-
opsis)-oil content in Avena spp. A wide range in groat-oil content is 
typical for oats (Youngs and Forsberg, 1979). Brown et al. (1966) ob­
served a range of 3.9 to 9.0% among 169 USA cultivars grown in Illinois, 
and Sahasrabudhe (1979) found A.2 to 11.3% oil in a series of 12 USA and 
Canadian cultivars grown in Ontario. Most cultivars grown in recent USA 
Uniform Early and Midseason Oat Performance Nurseries have from 5 to 8% 
groat oil.^ Among collections of A. sterilis L., a hexaploid weedy or 
wild species that grows abundantly in the Mediterranean basin, groat-oil 
contents vary from 2.0 to 11.6% (Brown and Craddock, 1972; Frey and 
Hammond, 1975; Rezai, i977; Yarosh £t ^ 1., 1977). 
Genotype generally is the major source of variation for groat-oil 
content and the ranking of entries remains fairly constant over environ­
ments, both of which indicate that genotypic and environmental effects 
on groat-oil content of oats are additive (Hutchinson and Martin, 1955; 
Stuke, 1960; Baker and McKenzie, 1972; Frey and Hammond, 1975; Youngs 
and Forsberg, 1979). Hutchinson and Martin (1955) found that groat-oil 
content of a cultivar was always within 1% of the genotype mean for 10 
cultivars tested in 22 environments and four cultivars tested in 46 en­
vironments. The maximum environmental effect among samples of a geno­
type observed by Stuke (1961) was 1.9% groat-oil content. Youngs and 
^H. W. Rines and R. P. Halstead, 1977-1981, Uniform early and mid-
season oat performance nursery, Ag. Res., SEA, USDA, N. Central Region, 
St. Paul, Minn. Unpub. Yearly. By permission. 
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Forsberg (1979) found that groat-oil content was less affected by the en­
vironment than was groat-protein content. Consequently, phenotypic 
values for groat-oil content provide appropriate estimates of breeding 
value for genotypes. The heritability of this trait is high. Baker and 
McKenzie (1972) reported that progeny-mean heritability ranged from 68 to 
93%. Single-plant heritabilities have been reported by Stuke (1960) to 
range from 84 to 98%, and Brown e^ (1974) obtained estimates of 59 to 
79%. Because groat-oil content of oats shows wide variation and high 
heritability, successful selection for this trait can be expected. 
Stuke (1960) estimated that inheritance of groat-oil content of oats 
involved alleles at six to seven loci. Baker and McKenzie (1972) and 
Brown e^ (1974), using 13 matings and a diallel of eight parents, 
respectively (all A. sativa), found that progeny means for groat-oil 
contents were similar to midparent values, suggesting additive gene 
action for the trait. Progeny means in 12 A. sativa x A. sterilis 
matings also did not differ from the midparent values (Thro, 1982b). 
Frey et (19 75) found polygenic inheritance and progeny mean 
values that were greater than midparent values in three A. sativa x 
A. sterilis matings. an indication that high groat-oil content was 
partially dominant in these interspecific matings. In the three latter 
studies, distributions of groat-oil content of segregates were character­
istic of polygenic inheritance. In a diallel mating of eight oat culti-
vars. Brown et (1974) founù that general combining ability (gca) 
effects were larger than specific combining ability (sea) effects and 
chat gca effects were correlated with parent groat-cil content; these 
12 
results provide further evidence for additive action of genes influenc­
ing oil content. Ahmed (1978) and Barrale^ Vega (1979) evaluated groat-
oil content in diallel matings among eight and six parents, respectively, 
and both authors found that additive variance was the most important 
form of genetic variation but some interactions between nonallelic 
genes occurred. In analyses of the generation means from four matings 
among four cultivars, most variation among generations was due to addi­
tive gene action but additive x additive interaction was important in 
two matings (Thro, 1982a). It is likely that the widely observed 
importance of additive gene action is general for groat-oil content of 
oats and consequently, high groat-oil content could be fully exploited 
in homozygous genotypes, e.g., pure line cultivars. 
The agricultural value of high-oil oats is dependent upon their 
grain yield and protein content as well as upon oil percentage. Few 
researchers have examined the relationship between groat oil and grain 
yield in oats. Stuke (1960) noted that high values for groat oil and 
grain yield occurred together in some European cultivars. Other investi­
gators found independence or a positive association between groat oil 
and grain yield and between groat oil and the yield component, kernel 
weight (Table 2). Groat oil content has been variously observed to be 
independent or positively or negatively correlated with groat weight 
and groat percentage, and independent of test weight and kernel density 
(Table 2). 
High grain yield in oats is often found in association with late 
maturity and tallness. Croat oil may be independent or positively 
Table 2. Correlations of groat oil content with grain yield, yield compo­
nents, agronomic traits, and groat-protein content in previously 
reported studies 
Correlation of groat oil content with: 
G": Kernel'" co.po.ents^ 
weight Î 
Hutchinson & Martin (1955) 
54 CVS.: 
Stuke (1960) 
Brown e^ (1966) S: 
129 spring/40 winter cvs. W: 
Baker & McKenzie (1972) 
7 cvs. in 13 matings: 
Brown & Craddock (1972) 
+4000 USDA World Collection: 
0.108 -0.014 
-0.211 
0.02  
(See text) 
(Test wt.) 
-0.169 
(positive 
associa­
tion) 
(kernel 
density) 
-0.26 
(Groat wt.) 
0.11 
-0.23 
Forsberg et (1974) 1970: -0.19 0.52* 
10 cvs. 1971: 0.47** 0.41* -0.30 
-0.40 
-0.39* 
Elliott (1975) 6 P's: 
30 (A. sativa x A. sterilis): 
Frey ^  (1975) #1: 
2 (A. sativa x A. sterilis) #2: 
-0.16* 
-0.12 
Rezai (1977) 
457 A. sterilis: 0.25** 
Youngs & Forsberg (1979) 
105 cvs.: 
Gullord (1980) 
4 cvs., 11 (A. sativa x A. 
sterilis)-der. lines: 
(See text) 
0.37* 0.02 0.24 
^ear infrared and dye binding capacity, respectively. 
*,**Significant at the 0.05 and 0.01 levels, respectively. 
14 
Correlation of groat oil content with: 
Agronomic traits 
Protein 
% Heading date 
Ripening 
date 
Plant 
height Lodging 
(See text) 
-0.154 — —  — —  0.035 -0.312** 
-0.477** 
0.68** 0.32 0.38 -0.16 -0.34 
-0.24 
0.60** 0.33** -0.35** 
0.52** 0.45** -0.04 
0.04 —  —  0.12 —  —  
0.29 0.07 
-0.44** 0.21** -0.41** 
(See text) 
-0.21^ 
-0.27 
15 
associated with maturity, as measured by heading date and ripening date, 
and independent or positively associated with plant height (Table 2). 
Correlations between groat-oil content and groat-protein content tend 
to be negative, but high oil and high protein were present together in 
certain European cultivars analyzed by Stuke (1960). Youngs and Forsberg 
(1979) correlated groat oil and groat protein contents of oat genotypes 
grown in many environments over a five-year period. They found that, 
within a genotype, groat oil and protein were always negatively associ­
ated, though only one of 27 correlations was significant, but over 
genotypes (within environments), 49 of 60 correlations were positive 
(seven significant) and only 11 were negative (none significant). They 
mentioned 'Dal', 'Wright', 'Mo-0205', 'Lyon', and 'Lodi' as cultivars 
with high levels of both groat oil and groat protein. In an earlier 
study, Forsberg ^  (1974) found Lodi had high oil but low protein 
in each of two years, whereas Dal had high values for both traits. 
This may reflect a greater influence of environment on groat-protein 
—^  . * -V *— — A. T* f  ^  ^^ ^   ^r".  ^-*/— ^   ^-w f T 7^ O \ ys  ^ X* u L.ita.11 t ciiiu \ J. V / J J k-nv. 
negative association of groat oil and protein within a genotype across 
environments to the fact that as one major component of the oat groat 
changes, another component is likely to change in the opposite direc­
tion. Nitrogen fertilization decreases groat-oil content (Stuke, 1961; 
Jahn-Deesbach _e^ , 1971), possibly due to an increase in groat pro­
tein in response to the added soil nitrogen. Youngs and Forsberg (1979) 
concluded from their studies that sufficient variation exists in the 
16 
biological relationship of protein and oil contents to permit the selec­
tion of genotypes that contained high amounts of both. 
17 
MATERIALS AND METHODS 
Grain yield and groat-oil content were determined in each of two 
years for ten A. sativa cultivars adapted to the Midwestern USA. In 
1978, the cultivars were 'Richland', 'Garland', 'Bates', 'Otee', 
'CI 9273', 'Spear', 'Chief, 'Grundy', 'Clintford' and 'Multiline M73'. 
In 1981, 'Noble', 'Lang', and 'Iowa X' were substituted for CI 9273, 
Bates, and Clintford. Seed lots for these cultivars were obtained 
from three replicates at each of four locations (Ames, Nashua, Kanawha, 
and Sutherland in 1978 and Nashua, Kanawha, Sutherland, and Washington 
in 1981) of the Iowa Oat Variety Tests. The cultivar tests were con­
ducted in randomized block designs with cultural practices, including 
fertilizer application, as recommended for high productivity in the 
region. A plot consisted of four rows, each 2.5 m long, and spaced 30.5 
cm apart. All plot areas were hand-weeded, and the experiments were free 
of disease and insect damage. Maturity was estimated as days to heading, 
and heading was defined as the date on which 50% of the panicles in a 
plot were fully emerged. The two center rows of a plot were harvested 
when mature, threshed, and used to estimate grain yield in g per plot. 
A three- to four-g sample of groats from each plot was taken for 
analysis by the NMR method (Conway and Earle, 1963) to determine oil con-
2 tent. Data for yield in g per plot and for oil percentage were used 
2 Appreciation is expressed to Dr. D. E. Alexander and Ms. Evelyn 
Marriott, Agronomy Department, University of Illinois, Urbana, 111., who 
conducted the NMR oil analyses. 
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to compute analyses of variance for estimation of cultivar, location, 
and cultivar x location effects. Phenotypic correlations between the 
two traits were calculated within locations and combined using "z" 
transformations (Steel and Torrie, 1980). 
19 
RESULTS AND DISCUSSION 
Cultivars x locations interaction mean squares (Table 3) were 
significant for both groat-oil content and grain yield in both years. 
Table 3. Analyses of variance for groat-oil and grain yield 
data from ten oat cultivars grown in three replicates in 
each of four locations in two years of the Iowa State Oat 
Variety Tests^ 
Source of 
variation 
Mean squares De­
grees 
of Groat oil (%) Grain yield (g/plot) 
1981 1978 1981 1978 dom 
Replicates (locations) 8 0. 08 0. 06 3,509 6,514 
Locations 3 4. 46** 0. 61 ns 33,044** 340,384** 
Cultivars 9 15. 22** 4. 91** 20,086** 3,561 ns 
Cultivars x locations 27 0. 09* 0. 30** 5,774** 7,904** 
Error 72 0. 05 0. 12 2,098 2,819 
^hree of four locations and seven of ten cultivars were common 
to both years. 
*,**Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
The cultivars x years interaction mean square for groat-oil content for 
the seven cultivars common to both years was highly significant (Table 
A), while the cultivars mean square over years was not. Maximum dif­
ference in groat-oil content was 0.9% between two environments within a 
year (maximum environmental effect) for Otee, 1.7% between years within 
a location for M73, and 1.7% between location-year environments also for 
M73. Average environmental effects were similar to the maximum environ­
mental effects for all cultivars, with the result that changes in rank 
20 
Table 4. Analysis of variance for groat-oil content of seven oat 
cultivars grown for two years in three replicates in each 
of three locations of the Iowa State Oat Variety Test 
Source of 
variation 
Degrees of 
freedom 
Mean 
square 
Years 
Cultivars 
Cultivars x years 
Error 
1 
6 
6 
41 
0.50 
0.33 
1.41** 
0.13 
**Significant at the 0.01 level of probability. 
of cultivars over environments were minor. 
A positive or independent relationship between groat-oil content and 
grain yield was observed in the sample of cultivars used in this study 
(Table 5). Yield at Nashua in 1981 was severely affected by heavy rain 
Table 5. Correlations of groat-oil content with grain yield and matu­
rity of oats for ten cultivars grown in three replicates in 
each of four locations of the Iowa State Oat Variety Test^ 
Correlation 
Grofit oi l - Groat on -
Location . . , , ^ grain yield maturity 
1978 1981 1978 1981 
Ames 0. ,44 — 
Kanawha 0. ,04 0. ,14 
Nashua 0, .68* 0. ,45 
Sutherland 0, .53 0. 23 
Washington — 0, .62* 
Over locations 0 .62* 0. 63* 
'^Seven of ten cultivars were the same in both years; substitutions 
were from same maturity group. 
*Significantly different from zero at the 0.01 level of proba­
bility. 
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storms and this may have affected the correlation between groat oil 
and grain yield at that location. Groat oil and maturity were negatively 
correlated over locations although the associations were not significant. 
Although the cultivar x location mean squares were significant for 
groat-oil content in both years, they were much smaller relative to the 
cultivar mean squares than were those for grain yield. Therefore, groat-
oil content of the cultivars studied was determined largely by genetic 
effects. These results corroborate those observed by Hutchinson and 
Martin (1955) for British and Baker and McKenzie (1972) for Canadian 
cultivars. Environment modified oil content of oats to a lesser extent 
than it modified grain yield. Therefore, ranking of genotypes across 
environments would be much more consistent for groat-oil content than for 
grain yield. If grain yield is not of primary concern, as may be the 
case in the early cycles of recurrent selection for high groat-oil con­
tent within an oat population, measurement of groat-oil content of a 
genotype in one environment should give a reliable indication of its 
relative rank in other environments. 
Cultivars in the Variety Test are highly selected for grain yield 
but unselected for groat-oil content. Therefore, these cultivars are 
expected to represent a random sample of genotypes for groat-oil con­
tent. In these samples, the highest yielding cultivar had the highest 
groat-oil content in both years (Bates in 1978 and Lang and Iowa X in 
1981), and the lowest yielding cultivar had the lowest oil content 
(Richland in 1978 and Garland in 1981). Cultivars with the highest yield 
and highest oil were early in maturity. 
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The positive correlation between groat-oil content and grain yield 
in these samples of cultivars and the slight negative association of 
groat-oil content with maturity are favorable associations with respect 
to development of high-yielding, early-maturing, high-oil cultivars for 
the Midwestern USA. Sufficient agreement exists between these results 
and previous observations to suggest that these relationships apply 
broadly within A. sativa. 
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PART II. THE FEASIBILITY OF BREEDING OATS (AVENA SATIVA L.) 
FOR SPECIFIC GROAT OIL QUALITY 
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ABSTRACT 
F^-derived lines in and from six oat (Avena sativa L.) matings 
between parents with dissimilar contents of palmitic, oleic, linoleic and 
linolenic acid content of groat (caryopsis) oil were used to study the 
inheritance patterns of these traits. Progeny frequency distributions 
from these matings indicated that fatty acid inheritance is complex, in­
volving many loci, each with small effect and with interlocus. interaction 
of alleles. Heritability values were low (0.13 to 0.25) when estimated 
using data from single plants, but they were moderately high (0.33 to 
0.56) for unreplicated hill plots. Broad-sense heritabilities based on 
progeny means for palmitic, oleic, and linoleic acids were 68, 72, and 
64%, respectively. In the analysis of variance using data from an exper­
iment grown at two sites in one year, location was the largest source of 
variation for oleic and linoleic acid contents among F^-derived lines in 
the F^. For palmitic and linolenic acids contents, mating was the most 
important source of variation. Line within mating and mating x location 
interaction mean squares also were significant sources of variation in the 
experiment, but they were very small. All correlations among fatty acids 
were negative. 
It should be possible to breed oat genotypes with high or low levels 
of either saturated or unsaturated fatty acids by using recurrent selec­
tion. If the existing balance between stability and nutritional value 
found in oat-groat oil is preferred, it may be necessary to monitor fatty 
acid composition during selection for high groat-oil content, because the 
29 
proportion of oleic acid in the oil would be expected to increase as 
total oil content increased. 
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INTRODUCTION AND REVIEW OF LITERATURE 
Oil of oat (Avena sativa L.) groats (caryopses) consists of 
triglycerides in which the primary fatty acids are palmitic, oleic, and 
linoleic (Youngs e^ , 1977). According to the summary presented 
by Hammond (1982), fatty acid percentages in oat groat oil have 
the following ranges: myristic from 0.2 to 4.9%, palmitic from 13.0 
to 28.0%, stearic from 0.5 to 4.0%, oleic from 18.7 to 53.0%, 
linoleic from 26.0 to 53%, and linolenic from 0.5 to 5.0%. These 
ranges include values from A. sativa and a closely related uncultivated 
hexaploid species, A. sterilis. 
Oil quality depends on relative contents of the various fatty 
acids in the oil. Palmitic (16:0) and stearic (18:0) acids contribute 
to vegetable oil stability and the unsaturated fatty acids, i.e., 
oleic (18:1), linoleic (18:2) and linolenic (18:3), confer the physical 
properties necessary in culinary oils (deMan, 1976). Of the latter, 
linoleic acid is essential in mammalian nutrition (Lehninger, 1975) 
and linolenic acid, which occurs in very small quantities in oat groat 
oil, is a chief factor in flavor instability (Weber, 1973; deMan, 1976). 
Of the major fatty acids of groat oil, only oleic acid is con­
sistently positively correlated with total oil content. Stearic acid 
(18:0) may be positively associated or independent of total groat-oil 
content, linoleic acid is negatively correlated, and linolenic acid may 
be negatively correlated or independent (Forsberg e^ ^ ., 1974; Frey 
and Hammond, 1975; Welch, 1975; Youngs and Piiskulcii, 1976; de la Roche 
et al., 1977). 
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Youngs and Puskiilcli (1976) estimated heritabilities from components 
of variance among 15 oat cultivars and found values of 91, 99 and 96% 
for palmitic, oleic, and linoleic acids, respectively. 
Lindberg e^ (1964) found that environment had little effect 
on fatty acid composition of oat oil, but Jahn-Deesbach et al. (1971) 
found that location and year effects on fatty acid composition of groat 
oil were greater than the effects of cultivar or fertilizer. Welch 
(1975) found significant variation in fatty acid composition of oat oil 
over seasons. Low temperatures promoted high levels of unsaturation in 
oat oil (Welch, 1975) and in other vegetable oils (Canvin, 1965; Downey, 
1976). Rank of the genotypes for fatty acid composition in the oil was 
constant over environments in the study by Welch (1975), but not in the 
material of Jahn-Deesbach e^ (1971). 
Karow (1980) found that palmitic, stearic, and linolenic acid con­
tents in groat oil were controlled by additive genes in the progeny from 
matings between three A. sativa cultivars. However, there was partial 
dominance for high values of oleic and linoleic acid contents. Additive 
gene action was the primary source of genetic variation for palmitic, 
oleic, and linoleic acid in four matings among midwestem oat cultivars 
studied by Thro (1982b), but additive x additive interaction was sig­
nificant for oleic and linoleic acid contents in two of the matings. 
Groat-oil content in oats is determined largely by the genotype of 
the maternal plant. This control is due to nuclear and not to 
plasmagenes (Brown and Aryeetey, 1973; Brown et al., 1974; Elliott, 
1975). Thus, there is little variation for oil content among groats 
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borne on a single plant. In soybeans (Glycine max (L.) Merr.)> fatty 
acid composition of seed oil as well as total seed-oil content are 
determined by the genotype of the maternal plant (Brim e^ , 1968; 
Singh and Hadley, 1968). Accordingly, the assumption was made for this 
study that fatty acid composition of oat groat oil is under maternal 
control. 
This study was designed to examine the inheritance patterns and 
heritability of the percentages of four fatty acids, palmitic, oleic, 
linoleic, and linolenic, in the oil of oat groats. An accumulating 
body of evidence (reviewed in Frey and Hammond, 1975; Hammond, 1982, 
in press; Thro, 1982a, b, c) suggests that breeding oats for high groat-
oil content may be well-advised agriculturally, well-founded biologi­
cally, and efficacious economically. The specific objective was to 
gain information for use in planning a program of breeding for desirable 
fatty acid composition (i.e., specific oil quality) in cat genotypes 
with high groat-oil content. 
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MATERIALS AND METHODS 
Genetic Materials 
Materials for this study were plants and F^-derived lines in F^ 
and in F^ from six oat matings among cultivars adapted to the north 
central USA. In each mating, parents differed greatly in composition 
for at least one fatty acid (Table 1). For three matings (Set A), F„ 
Table 1. Numbers of F2 plants and derived lines evaluated in each of 
six oat matings and classification of parents as high (H) or 
low (L) for specific fatty acids (dashes indicate that the 
parents of a mating did not differ for a specific fatty acid) 
Mating 
Number evaluated Fatty acid 
F2 F2—de­
plants rived 
and de­ lines 
rived in 
lines F4 
in F2 
192 49 
269 48 
40 40 
Pal­
mitic Oleic 
Lin-
oleic 
Lin-
olenic 
Set A 
Jaycee x Stout 
Froker x Noble 
Otee X Portal 
H x L 
L X H 
Set B 
Goodfield x Otter 181 46 
Otter x CI 7555 129 46 
Garland x Noble 154 49 H X L L X H H X L 
H X L 
L X H 
L X H 
plants were evaluated in 1976 and ï^-derived lines in F^ were evaluated 
in 1977. For the remaining three matings (Set B), F2 plants were evalu­
ated in 1977 and Fg-derived lines in F^ in 1978. The matings in Set A 
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were 'Jaycee' x 'Stout', 'Froker' x 'Noble', and 'Otee' x 'Portal'. 
Matings in Set B were 'Goodfield' x 'Otter', Otter x 'CI 7555', and 
'Garland' x Noble. F^-derived lines in F^ from all six matings were 
evaluated in 1979. Numbers of F^ plants and Fg-derived lines in F^ and 
F^ for the six matings are given in Table 1. 
F2 and parent plants in the first year of testing for each set were 
space-sown at 15-cm intervals in rows 0.9 m apart. The F^ plot was 
always sown between the parents of the mating, and the seeds that repre­
sented a parent were direct descendants from the exact plants used in the 
mating. At maturity, each plant was harvested and threshed individually. 
Thirty seeds from the progeny of each F^ or parent plant were used to sow 
an unreplicated bulk F^ hill plot in the following year. Hill plots were 
spaced 0.9 m apart in perpendicular directions. At maturity, the hill 
plots were harvested and threshed individually. 
Spaced plants and hill plots of the F^ and F^ generations, respec­
tively, were grown on a Webster loam soil (fine loamy, mixed, mesic Typic 
Haplaquoll) at the Agronomy and Agricultural Engineering Research Center 
near Ames, Iowa. Experimental areas were fertilized with 28-45-45 kg/ha 
of N, ^ 2^5' respectively, each season and hoed as necessary to 
keep the experiments weed-free. Plants were sprayed with a fungicide 
(Maneb) at weekly intervals from anthesis to maturity to prevent the 
development of fungal foliar diseases. 
In 1979, 40 to 49 F^-derived lines in F^ from the six matings (Table 
1) were grown in a randomized complete block experiment with two repli­
cates at each of three locations: Ames, Kanawha (Clarion-Webster 
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Research Center in northcentral Iowa) and Nashua (Northeast Research 
Center in Iowa). The soil types at the experimental sites in Kanawha and 
Nashua were Canisteo loam (fine loamy, mixed, mesic (calcareous) Typic 
Haplaquoll) and Kenyon loam (fine loamy, mixed, mesic Hapludoll), respec­
tively. A plot was a hill sown with 30 seeds and plots were spaced 30 cm 
apart in perpendicular directions. Cultural practices in all locations 
were similar to those described for the F2 and generations grown at 
Ames except that fertilizer applications were adjusted according to pro­
duction recommendations at each site. 
Chemical Analyses 
In preparation for fatty acid analysis, a sample of seeds from each 
F2 or parent plant and each Fg-derived or parent line in the F^ genera­
tion experiment and each F^-derived line in the F^ generation experiment 
was dehulled with a centrifugal dehuller. Ten primary groats from each 
sample were used for analysis of content of four fatty acids, palmitic, 
oleic, linoleic and linolenic. The samples of groats were dried in a 
vacuum oven at 105°C and crushed. Next, the crushed groats were ex­
tracted with one ml hexane, and an aliquot of the hexane solution was 
treated with IN sodium methoxide solution in ethanol to convert the oil 
to methyl esters. The methyl esters were analyzed by gas chromatography 
separation using a 2 mEGSS-W column at 180°C.^ (Linolenic acid was not 
measured on the plants from the F^ generation of Set A.) All data from 
^Appreciation is expressed to Dr. E. G. Hammond, Department of Food 
Technology, Iowa State University, Ames, Iowa, who supervised the fatty 
acid analyses. 
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the fatty acid analyses were expressed as percentages of total fatty 
acids in the groats. 
Statistical Procedures 
The fatty acid contents of the groats of the parents and segregates 
from the six oat matings were used to study (a) inheritance patterns 
for, (b) heritability of, and (c) associations among the four fatty 
acids. Inheritance of a fatty acid for a mating was assessed by the 
characteristics of the frequency distribution of the fatty acid per­
centages of the F2 plants and of the F^-derived lines in F^. Herita­
bility percentages were estimated for each mating by using three dif­
ferent procedures. First, the standard-unit procedure (Frey and Horner, 
1957) was used by regressing values from F^rderived lines in F^ onto 
those from F^ plants and regressing values from F^-derived lines in F^ 
on those from the same lines in F^. For this procedure, the regression 
formula used was 
b = Cov /(Var • Var ) " 
xy x y 
where Cov equals the covariance between traits x and y and Var and 
xy X 
Var^ are the respective variances for the two traits. Second, realized 
heritability values were computed as the proportion of the selection 
differential made in one generation that was retained in the progeny of 
the selected sample in the subsequent generation (Falconer, 1981). With 
this procedure, a 20% selection intensity was used and selection was done 
on a within-mating basis among F^ plants and among F^-derived lines in 
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F^, and the efficacy of selection was assessed by using data from F2-
derived lines in and F^, respectively. The formula used for comput­
ing realized heritability was 
Realized heritability = (Xg2 ~ ~ ^ 1^ 
where and X^^ are means for the selected sample of genotypes in the 
selection and evaluation generations, respectively, and Xp^ and Xp^ are 
comparable means for the entire populations of lines in the same genera­
tion. Third, components of variance from analyses of variance utilizing 
location means of F^-derived lines in F^ were used to compute herita­
bility values on a line-mean basis. The heritability formula for the 
components of variance procedure was 
Heritability = o (n ^ + o ^/n) 
g g gxe 
2 2 
where 0 and o are the variances due to genotype and genotype x 
g gxe 
environment, respectively, and n is the number of locations. Because 
LiiC UctLci j. LCiliS uScu iiï Lilc cLTiaxySiS O l valxcxLii^c: wc i. c uico-iio^ 
genotype x environment interaction is the error term and variance due 
to replicate x genotype within location interaction does not enter into 
the formula. Progeny mean heritability was calculated for each mating 
from an analysis of variance performed on location means of F^-derived 
lines in F,. Before the F, data were used in analyses of variance, 4 4 
palmitic acid values were transformed to /x and linolenic acid values 
were transformed to /ïc-Pi (Steel and Torrie, 1980) to assure the existence 
of normal distributions and independence of means and variances. 
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Standard-unit heritabilities were combined over matings using 
"z" transformations (Steel and Torrie, 1980). The realized heritability 
values were combined across matings by using weighted means where the 
weights applied to the matings were the numbers of lines selected. 
Variance-component heritability values were combined over matings by 
simple averaging. 
Phenotypic correlations among the four fatty acids were computed 
within the generations of each mating by using the general formula: 
J-
r = Gov /(Var • Var ) 
xy X y 
where Gov is the phenotypic covariance between traits x and y and 
xy 
Var^ and Var^ are the respective phenotypic variances for the traits 
(Steel and Torrie, 1980). Correlations were pooled across matings and 
generations within sets by using z transformations. 
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RESULTS AND DISCUSSION 
Inheritance 
Frequency distributions for percentages of palmitic, oleic, and 
linoleic acids were plotted for segregates measured in the and F^ 
generations for matings that are designated as being H x L or L x H in 
Table 1. Generally, the fatty acid values for plants and lines from a 
parent cultivar were not uniform. This variation probably was due to 
environmental causes because all lines representing a parent originated 
from the exact plant used in making a mating. In some instances, there 
was overlapping of the fatty acid ranges for the parents of a mating. 
The progeny frequency distribution for palmitic-acid content in the 
mating Otee x Portal included one line with very high palmitic acid con­
tent in the F^ (Fig. 1). The singularity of the line with the high 
value may be due to the small sample of F^ lines from this mating, or 
it may reflect the action of two or more genetic factors which must be 
homozygous recessive to permit expression of the high-palmitic acid con­
tent phenotype (duplicate non-allelic interaction). Nonsignificant chi-
square values of 3.67 and 0.13 in the F^ and F^, respectively, indicated 
a satisfactory fit to the 15:1 ratio in both generations, which is 
characteristic of two-factor inheritance with duplicate gene action. 
This result is contrary to the findings of Karow (1980) and Thro (1982b), 
who found palmitic acid inheritance was entirely additive. The frequency 
distribution of progeny from the mating Froker x Noble (Fig. 1) was 
centered with respect to the parent values and more-or-less normal. 
Figure 1. Frequency distributions for percentages of palmitic acid 
in the groat oil from plants and F^-derived lines in 
the F2 generations in the two oat matings Froker (FR) x 
Noble (NB) and Otee (OT) x Portal (PO) and parental means 
for the F2 (Yl) and F3 (Y2) growing seasons 
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suggesting that percentage palmitic acid was polygenically inherited in 
this mating. Previous research on inheritance of palmitic acid content 
in maize (Zea mays L.) similarly indicated the existence of both poly­
genic and simple inheritance patterns (reviewed by Downey and McGregor, 
1975). 
Frequency distribution for percent oleic acid in progeny from the 
oat matings Jaycee x Stout (Fig. 2) was characteristic of polygenic 
inheritance. Oleic acid content may be under two-factor control in the 
mating Garland x Noble (Fig. 2). In the latter mating, the chi-square 
values for a 9:6:1 ratio characteristic of two-factor inheritance with 
dominant gene action (4.8 and 0.9 in the F^ and F^ generations, respec­
tively) were not significant, and low oleic acid content may be dominant 
to high. 
Linoleic acid content appeared to be simply inherited in the oat 
matings Jaycee x Stout (Fig. 3) and Garland x Noble (Fig. 4). The segre­
gates from the Jaycee x Stout mating, however, fitted a 1:63 ratio (chi-
square = 0.3 and 1.4 in and F^, respectively), suggesting the opera­
tion of three factor pairs with duplicate nonallelic gene interaction 
and dominance for high linoleic acid content. For the Garland x Noble 
mating, the frequency distributions of segregates fitted either a 1:63 
(chi-squares were 0.05 and 2.34 for the F^ and F^, respectively) or 
1:15 (chi-squares were 0.01 and 1.07 for the F^ and F^, respectively) 
low:high ratio. Poneleit and Alexander (1965) found a single factor 
controlled both oleic and linoleic acid in a maize mating, with dominance 
for high linoleic and low oleic contents. A single gene controls 
Figure 2. Frequency distributions for percentages of oleic acid in 
the groat oil from F2 plants and F^-derived lines in the 
F^ generations in the two oat matings Jaycee (JC) x Stout 
(ST) and Garland (UA) x Noble (NB) and parental means for 
the F2 (Yl) and F3 (Y2) growing seasons 
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Figure 3. Frequency distributions for percentages of linoleic acid 
in the groat oil from F2 plants and F^-derived lines in 
the F2 generations in the oat mating Jaycee (JC) x Stout 
(ST) and parental mean for the F2 (Yl) and F3 (Y2) growing 
seasons 
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oleic-linoleic concentrations in safflower (Carthamus tinctorius L.) 
(Knowles, 1969). Linoleic acid content also was controlled by two or a 
few genes in peanuts (Arachis hypogaea L.) and in some maize matings 
(Downey and McGregor, 1975). These results indicate that fatty acid 
inheritance may be either simple or complex, depending on species and 
specific matings within species. 
Heritability 
Realized and standard-unit heritability values agreed with each 
other quite well for each fatty acid regardless of whether single-
plant or unreplicated-plot data were used in the computations (Table 2). 
Table 2. Mean or pooled heritability values over matings for palmitic, 
oleic, linoleic, and linolenic fatty acids computed in 
regression, actual selection (realized), and components of 
variance procedures and utilizing data from F2 plants and 
F2-derived lines in F3 and 
Fatty acid 
One 
environment 
Single-plant basis 
(F2 plants vs. 
lines) 
Plot basis 
(F^-Der. lines. 
Standard 
unit Realized 
'F3 vs. F4) 
Standard 
unit Realized 
Three 
environments 
Progeny-mean 
basis 
(F2-Der. 
lines) F4 
Palmitic 
Oleic 
Linoleic 
0.24** 
0.22** 
0.24** 
0.04 
0.26** 
0.13** 
0.21** 
n m 3 
0.34** 
0.56** 
0.37** 
0 . 0 6  
0.33** 
0.45** 
0.44** 
0.063 
0.68** 
0.72** 
0.64** 
0.27 
^Three matings only. 
^^Significant at the 0.01 level. 
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Heritabilities based on single plant data, although statistically sig­
nificant for all fatty acids except linolenic, were considerably lower 
than when the unit of measurement was an progeny hill. The standard 
unit and realized heritability values generally were in the range of 
0.20 to 0.25. This level of heritability indicates that selection for 
fatty acid content in oat oil using data from F^ plants would lead to 
some but limited success. Heritability values when single F^ plots were 
used as the selection units ranged from 0.33 to 0.56 for the various 
fatty acid-method of computation (sLandard-unit or realized herita­
bility) combinations, values that are moderate in magnitude. These 
values suggest that gains from selection for fatty-acid content in 
groat oil may be quite satisfactory, especially vAien judged in terms 
of the relatively modest resources invested in growing unreplicated plots 
of F^-derived lines. Broad-sense heritability estimated based on progeny 
location means of F^-derived lines in F^ were quite high, ranging from 
0.64 to 0.72 for palmitic, oleic, and linoleic acids. These values, 
although smaller than the heritability values reported by Youngs and 
Plisklilcli (1976) are substantially larger than those computed when single 
plants or single plots were used as the selection units and indicate 
that a large component of the within-mating variation among F^-derived 
lines in F^ was genetic in origin. 
Analyses of variance of contents of palmitic, oleic, linoleic and 
linolenic acids (Table 3) indicated that location was the most important 
source of variation among F^-derived lines in F^ for oleic and linoleic 
acid contents. Mating was a more important source of variation than 
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Table 3. Analyses of variance for data on contents of four fatty acids 
in groat oil from F^-derived lines in from six oat matings 
Degrees Mean squares 
Source of 
variation ^ , Palmitic Oleic Linoleic Linolenic 
freedom acid acid acid 
Location 2 123. 3** 2533. 4** 2664. 0** 37. ,9** 
Replicate (location) 3 30. 2 16. ,4 82. ,1 2. ,9 
Mating 5 179. 5** 503. ,3** 590. ,7** 23. ,9** 
Line (mating) 274 5. ,6** 13. ,3** 8. ,2** 0, ,5** 
Mating x location 10 3. ,1* 15. ,7** 11. 3** 0. .7** 
Line (mating) x 
location 538 1. 5* 2. 4 2, .3 0. 3 
Error 760 1. 3 2. 4 2, .2 0. 3 
*,**Significant at the 0.05 and 0.01 levels, respectively. 
location for palmitic acid, but for all four fatty acids, both location 
and mating mean squares were highly significant. Line within mating and 
location x mating mean squares also were significant for all four fatty 
acids, but were small when compared to mating and location mean squares. 
These results suggest that environmental effects on fatty acid composi­
tion, though important, do not involve changes in ranking of entries. 
This argues that the low single-plant and moderate single-plot herita-
bility values in fact are caused less by the confounding effects of 
environment on unreplicated measurements than by nonadditive gene 
effects or by gene interactions. 
Assuming that fatty acid inheritance is quantitative, that domi­
nance is of little importance, and that nonallelic interactions may 
indeed be operating in the genetic control of fatty acid composition of 
oat groat oil, some form of recurrent selection will be needed to obtain 
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recombinant genotypes with a desired specific alteration in fatty acid 
composition (Wright, 1952; Sprague and Eberhart, 1977). Using this or 
any method of selection, genetic variation and heriuability are the two 
requirements for progress from selection for a trait. Sufficient vari­
ability for the levels of palmitic, oleic, and linoleic acids was 
present even within the narrow range of the cultivars used as parents 
in this study (Figs. 1-4) to permit progress from selection without the 
inclusion of exotic gennplasm. Magnitude of heritability for fatty acid 
contents will be determined primarily by the selection unit, and choice 
of the selection unit will depend on the relative importance of gain per 
cycle vs. gain per unit time and/or gain per unit cost. Use of single 
plants would permit rapid and inexpensive cycling of a breeding popula­
tion but progress in changing fatty acid composition of groat oil of 
oats would be slow because of the low heritability values associated 
with single-plant data. Unreplicated progeny plots are the recommended 
selection unit for modifying fatty acid contents because heritability 
VCIJ.U.CO .kv J. uLiOiii WC4.0 &WW L. c y uiioj at c v c. i-w 
grow. Furthermore, oat genotypes with specific fatty acid composition 
will be useful only if groat-oil content is high and single-plots as 
the units of selection will give high heritability for groat-oil con­
tent (Stuke, 1960; Brown et al., 1974). Use of replicated plots in 
several environments gives very high heritability values, but this 
amount of testing would be costly in material, resources, and time 
per cycle. Progeny-means would be the desired selection unit only in the 
latter stages of selection when genetic variation among genotypes for 
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fatty acid composition and groat-oil content has been reduced materi­
ally. 
Correlation Analysis 
All correlations among palmitic, oleic, linoleic, and linolenic 
acids, pooled over matings and generations, were negative (Table 4). 
Table 4. Correlations among palmitic, oleic, linoleic, and linolenic 
acids in groat oil, pooled over matings and generations 
Fatty acid Oleic Linoleic Linolenic^ 
Palmitic —0.44** —0.26** -0.05 
Oleic -0.64** -0.43** 
Linoleic -0.14** 
^Correlations involving linolenic acid were based on data from 
three matings only. 
**Signifleant at the 0.01 level. 
All but one correlation, that between palmitic and linolenic acids, were 
highly signlficanc, indicacirig LhaL changes in the relative amouHt of 
one fatty acid will be accompanied by opposing changes in the others. 
General Discussion 
Results from the heritability and correlation analysis indicate that 
oat genotypes could be selected for specific fatty acid composition in 
the groat oil. Selection could emphasize any of the following three 
directions: (i) groat oil high in saturated fatty acids, (ii) groat oil 
high in polyunsaturated fatty acids, or (iii) groat oil with the fatty 
54 
acid composition typical of existing genotypes, i.e., with a relatively 
high content of both palmitic and linoleic acids and low content of 
linolenic acid. Feasibility of the first two alternatives is indicated 
by the significant heritability estimates of palmitic and linoleic acids 
and the negative association between amounts of these two fatty acids. 
The third alternative may be obtainable in oats because palmitic acid 
content of oat oil is already higher in relation to linoleic acid con­
tent than in the oils of maize, soybeans, sunflowers (Helianthus annuus 
L.), or low-erucic acid rapeseed (Brassica napus L.) (Table 5). 
Table 5. Representative values for total oil content and fatty acid 
composition of the oil of three cereals and five oilseed crops 
Crop 
Oil 
% Pal­
mitic 
Fatty 
Oleic 
acid 
Lin­
oleic 
Lin­
olenic 
Reference 
Oats, 6 18 36 41 2 Weber (1973) 
dehulled 
Barley 2 22 14 57 5 Weber (1973) 
Maize, whole 4.5 12 26 58 1 Weber (1973) 
kernel 
Rapeseed, low 35 5 56 24 14 Downey and 
erucic McGregor (1975) 
Peanuts,^ 45 9 57 23 Downey and 
shelled McGregor (1975) 
Sunflower, 40 11 29 52 Downey and 
dehulled McGregor (1975) 
Cottonseed 17 24 18 54 Downey and 
McGregor (1975) 
Soybeans xo Li. 3U / uowney ana 
McGregor (1975) 
^Peanut oil 
mono-unsaturated 
also contains 
fatty acids. 
approximately 6% long-•chain saturated and 
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Oleic acid is the only component of oat oil that is positively 
correlated with total groat-oil content. Progress toward developing 
oat genotypes with high groat-oil content may be slowed if selection 
is practiced for either palmitic or linoleic acids because they are 
negatively correlated both with oleic acid and with total oil. The 
best advised objective for an oat breeding program monitoring fatty 
acid content in high oil selections may be to conserve the present 
character of oat oil as total oil is increased. "Native" oat oil may 
be uniquely valuable because oleic and linoleic acids are more nearly 
equal in amount in the oil of oats than in other seed oils (Table 5), 
resulting in a good compromise between oil stability and nutritive 
value. Oat oil, with a low content of linolenic acid, is more stable 
than soybean oil (Kalbasi-Ashtari and Hammond, 1977) and, of domes­
tically extracted oils (US), only cottonseed (Gossypium hirsutum L.) oil 
is higher than oat groat oil in palmitic acid, at 24%, a value that was 
equaled in one of the parents in this study, the oat cultivar Froker, 
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PART III. GENETIC PARAMETERS AND GENE ACTION FOR GROAT OIL AND 
THREE FATTY ACIDS OF OATS (AVENA SATIVA L.) 
61a 
ABSTRACT 
A generation means analysis of data from nine generations within 
each of four matings among four adapted oat (Avena sativa L.) cultivars 
was employed to provide information necessary for planning appropriate 
breeding procedures to increase groat oil content of oats and to modify 
oil quality (fatty acid composition of the oil). The oats were grown in 
four replicates in each of two locations. Traits measured were total 
groat-oil content and palmitic, oleic, and linoleic acids as percent of 
total fatty acids. 
Pooled additive effects were the most important genetic component of 
means for all traits. Additive x additive interactions were significant 
for oleic and linoleic acids and total groat oil in two matings. Domi­
nance and interactions involving dominance were not important for any 
trait in the four matings. Significant residual genetic variation re­
mained in seven of 16 mating-trait combinations after a model containing 
pooled additive and pooled dominance effects and their digenic interac­
tions was fitted to the data, an indication that higher-order interac­
tions and/or linkage were present for all traits except palmitic acid. 
Different alleles conditioned similar parent phenotypes for oleic and 
linoleic acids and total groat-oil content in two matings. 
Recurrent selection should be an effective procedure for permitting 
recombination and for accumulation of favorable allelic combinations for 
total groat-oil content and specific fatty acid composition of groat oil. 
The importance of additive gene action and interactions implies that 
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desired allelic combinations can be obtained in homozygous pure line 
cultivars. 
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INTRODUCTION 
In the past, oats (Avena sativa L.) were an important crop in the 
traditional agricultural rotations of the midwestem USA. Oats are 
well-adapted for soil conservation cropping systems, and they add to 
crop diversity. If oats were more competitive in net return per hec­
tare, oat production area might increase. Because both conservation 
and diversity are practices that reduce crop production risk, long-
term stability of agriculture in the midwestem USA could benefit if a 
larger proportion of the cropland were planted to oats. Oats are 
superior as a food and as a feed grain for young non-ruminant mammals 
because they have high protein content (generally 16 to 19%)^ and because 
oat protein has high biological value (Robbins et al., 1971; Frey, 1976). 
The energy content per kg of oat grain, however, is lower than other 
cereals because fibrous hulls comprise 19 to 34% of the weight of 
threshed grain (Hutchinson and Martin, 1955; Brown and Craddock, 1972). 
An increase in groat (caryopsis)-oil content could improve the feed 
energy provided by oats because the energy available from lipid digestion 
is 2.25 times greater than that from an equivalent quantity of protein or 
carbohydrate (Price and Parsons, 1975; Lehninger, 1975). Stothers (1977) 
found that "high-oil" (9%) oats approached barley in feeding value for 
hogs. One way to improve the feeding value of oats, therefore, would be 
to develop oat cultivars with high groat-oil content (Brown et al., 1966; 
^H. W. Rines and R. P. Halstead. 1977-1981. Uniform early and mid-
season oat performance nursery. Ag. Res., SEA, USDA, N. Central Region, 
St. Paul, Minn. Unpub. Yearly. By permission. 
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Forsberg et al., 1974; Frey and Hammond, 1975; de la Roche et al., 
1977). 
Initially, the value of high-oil oats could result from a larger 
market for this higher-energy feed grain. Frey and Hammond (1975) 
calculated that if oats had 17% groat oil along with the present 
levels of grain yield and protein concentrations, they might in future 
compete as an oilseed crop, particularly as a source of high quality 
culinary oil (Kalbasi-Ashtari and Hammond, 1977). Hammond (1982) calcu­
lated that extraction of oil from oats with 10% groat oil would add 
$0.34 net to the value of a bushel of oat grain. 
The present study was part of a comprehensive investigation of the 
feasibility of breeding high-oil oats with specific fatty acid composi­
tion. This paper reports the results of analyses of gene action in­
volved in the inheritance of total groat-oil and palmitic, oleic, and 
linoleic acid contents in the oat oil. Information of this type is 
necessary for choosing appropriate breeding procedures to modify these 
traits. 
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REVIEW OF LITERATURE 
Recently, Hammond (1982) reviewed the literature on groat-oil con­
tent in Avena spp. A wide range in groat-oil content is typical of 
hexaploid oats (Youngs and Forsberg, 1979). Brown e^ (1966) observed 
a range of 3.9 to 9.0% oil in 169 USA cultivars grown in Illinois, and 
Sahasrabudhe (1979) found 4.2 to 11.3% oil in a series of USA and 
Canadian cultivars grown in Ontario. Most strains grown in recent USA 
Uniform Early and Midseason Oat Performance Nurseries have from 5 to 8% 
2 groat oil. Although those values seem relatively low when compared to 
oilseed crops, oats have the highest seed-oil content of any commercially 
grown cereal (Weber, 1973; Price and Parsons, 1975). Among collections 
of A. sterilis L., a weedy hexaploid species that grows in the Mediter­
ranean basin, groat-oil content varies from 2,0 to 11.6% (Brown and 
Craddock, 1972; Frey and Hammond, 1975; Rezai, 1977; Yarosh et , 1977). 
Genotype is generally the major source of variation for groat-oil 
content of oats and rank of genotypes for this trait remains fairly con­
stant over environments, both of which indicate that genotypic and 
environmental effects on groat-oil content of oats are additive 
(Hutchinson and Martin, 1955; Stuke, 1960; Baker and McKenzie, 1972; 
Frey and Hammond, 1975; Youngs and Forsberg, 1979; Thro, 1982a). Conse­
quently, phenotypic values for groat-oil content provide good estimates 
of breeding values for genotypes, and heritability of this trait is high. 
2 
H. W. Rines and R. P. Halstead, 1977-1981, Uniform early and mid-
season oat performance nursery, Ag. Res., SEA, USDA, N. Central Region, 
St. Paul, Minn. Unpub. Yearly. By permission. 
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Baker and McKenzie (1972) reported that progeny-mean heritability values 
ranged from 68 to 93%. Single-plant heritabilities were reported by 
Stuke (1960) as 83 to 98% and by Brown et (1974) as 59 to 79%. 
Using the Castle-Wright formula, Stuke (1960) estimated that inheri­
tance of groat-oil content of oats involved six to seven factors. Baker 
and McKenzie (1972) and Brown ^ ]t al. (1974) , in 13 matings and a diallel 
of eight parents, respectively (all A. sativa), found progeny means for 
groat-oil contents were similar to midparent values, suggesting additive 
gene action for the trait. Progeny means in 12 A. sativa x A. sterilis 
matings also were similar to the midparent values (Thro, 1982c). Frey 
et al. (1975) found that Fg-progeny means were greater than midparent 
values in three A. sativa x A. sterilis matings, an indication that high 
groat-oil content was partially dominant in these interspecific matings. 
In all of these studies, the frequency distributions of groat-oil content 
for segregates were characteristic of polygenic inheritance. Baker and 
McKenzie (1972) concluded that it was unlikely that any one of the 55 F^-
derived lines in their study contained all of the genetic factors for high 
groat-oil content. They concluded that genotypes with 10% groat-oil could 
probably be attained from their gene pool. In a diallel mating of eight 
oat cultivars. Brown et al. (1974) found that general combining ability 
(gca) effects were greater than specific combining ability (sea) effects 
and that gca effects were correlated with parent groat-oil content. These 
results provide further evidence for additive action of genes influencing 
oil content in oats. Ahmed (1978) and Barrales Vega (1979) evaluated ge­
netic variance for groat-oil content in diallel matings among eight and 
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six cultivated parents, respectively, and both found that additive vari­
ance accounted for a major portion of the genetic variance for groat oil. 
Some interactions between non-allelic genes did occur, however. 
According to Hammond (1982), fatty acid percentages in oat groat 
oil have the following ranges: myristic from 0.2 to 4.9%, palmitic 
from 13.C to 28.0%, stearic from 0.5 to 4.0%, oleic from 18.7 to 53.0%, 
linoleic from 26.0 to 53%, and linolenic from 0.5 to 5.0%. Youngs and 
Piisklilcu (1976), utilizing components of variance from analyses of 15 
oat cultivars, found heritability values of 91, 99 and 96% for palmitic, 
oleic, and linoleic acids, respectively. Thro (1982b) found mean heri-
tabilities of 68% for palmitic, 72% for oleic, and 64% for linoleic 
for six oat matings, but single-plant heritabilities in these matings, 
although statistically significant, were too low to have practical 
value. 
Lindberg e^ (1964) found little environmental influence on 
fatty-acid composition of oat oil, but Jahn-Deesbach et (1971) re­
ported that location and year effects on fatty-acid composition of 
groat oil were greater than the effects of cultivar or fertilizer. 
Welch (1975) found significant variation in fatty-acid composition of 
oat oil over seasons. Low temperatures promoted high levels of un-
saturation in both oat oil (Welch, 1975). and in other vegetable oils 
(Canvin, 1965; Downey, 1976) as well. Ranking of entries for fatty 
acid composition was fairly constant over environments in the Welch 
study (1975), but not in the one by Jahn-Deesbach et (1971). 
Karow (1980) found that palmitic, stearic, and linolenic acid 
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contents were controlled by additive genes in the progeny of matings 
between three A. sativa cultivars but that partial dominance occurred 
for high values of oleic and linoleic acid contents. Thro ^1. (1982) 
found that frequency distribution patterns of palmitic and oleic acid 
contents in progeny from two matings and for linoleic acid content in 
one suggested polygenic inheritance or interaction between alleles at 
two or three loci for these traits. 
Groat-oil content is determined largely by the genotype of the 
maternal plant, and this control is due to nuclear and not plasmagenes 
(Brown and Aryeetey, 1973; Brown et al., 1974; Elliott, 1975). Thus, 
there is little variation for oil content among groats borne on a 
single plant, and the oil content of the groats from a plant estimates 
the capacity of the maternal genotype for oil production. 
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MATERIALS AND METHODS 
Genetic Materials and Field Plot Methods 
Four intraspecific matings of A. sativa were used to study gene 
action for contents of palmitic, oleic, and linoleic acids in groat oil 
and for total groat-oil content. The matings used and the characteris­
tics of the parent cultivars relative to contents of palmitic, oleic, 
and linoleic acids in groat oil and total oil content are given in 
Table 1. L x H and H x L matings were genetically equivalent because 
Table 1. Designations of levels (i.e., H = high and L = low) of pal­
mitic, oleic, and linoleic acids in groat oil and of groat-
oil content in the parents of the four oat matings used in 
the generation means analyses 
Mating 
code Palmitic 
acid 
Trait 
Oleic 
acid 
Linoleic 
acid 
Total 
groat oil 
Parent Richland 
Garland 
Jaycee 
L X H 
L X n 
L X L 
K X L 
H X H 
L X n 
L X L 
H X L 
Pettis 
Garland 1 L x H L x H H x L LxH 
Jaycee 3 LxH H x H L x L HxH 
^L indicates low status and H indicates high status for the trait. 
groat oil does not exhibit cytoplasmic inheritance. In soybeans (Glycine 
max (L.) Merr.), a species in which total seed-oil content is determined 
by the genotype of the maternal plant (Brim ejC , 1968; Singh and 
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Hadley, 1968), as in oats, fatty acid composition of seed oil is known 
to be maternally inherited. Nine generations were produced for each 
mating: P^, P^, F^, F^, F^, BC^F^, BC^F^, BC^F^ and BC^F^ (BC^ and 
BC^ refer to backcrosses made to P^ and P^, respectively). The desig­
nated generation refers to the plants on which the groats used for 
analysis were borne. 
These materials were grown in a randomized complete block experi­
ment with 32 entries (seven progeny generations in each of four matings, 
plus the four cultivars used as parents) and eight replicates. Four 
replicates were grown at the Agronomy and Agricultural Engineering 
Research Center near Ames, Iowa, and four were grown at the Clarion-
Webster Research Center at Kanawha, Iowa. The soil types at these 
locations are Webster loam (fine loamy, mixed, mesic Typic Haplaquoll) 
and Canisteo loam (fine loamy, mixed, mesic (calcareous) Typic 
Haplaquoll), respectively. The plots were sown on 7 and 19 April, 1980, 
at Ames and Kanawha, respectively. A plot was a hill sown with 15 seeds 
and hills were spaced 30 cm apart in perpendicular directions. Droughty 
conditions caused erratic germination at Kanawha and as a result, five 
plots from that site with insufficient plants were omitted from the 
analysis. The experimental areas were hand weeded and the fungicide 
Maneb (active ingredients Zn-Mn ethylene bisdithiocarbamate) was 
sprayed onto the plants at weekly intervals between anthesis and 
maturity to control foliar diseases. When plants in a plot were mature, 
they were harvested, air dried, and threshed. 
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Chemical Analyses 
A sample of oat seeds from a plot was dehulled to provide a 3.5-
to 5-g lot of groats that was analyzed for oil content by using the 
3 
nuclear magnetic resonance method described by Conway and Earle (1963). 
Fatty acid composition of the groat oil was determined on a sample of 10 
groats from a plot. The sample was dried in a vacuum oven at 105°C and 
crushed. Next, the crushed groats were extracted with one ml hexane, 
and an aliquot of the hexane solution was treated with IN sodium 
methoxide solution in ethanol to convert the oil to methyl esters. The 
methyl esters were analyzed by gas chromatography separation using a 2 
mEGSS-W column at 180°C.^ 
Statistical Methods 
For the statistical analyses, four data sets were constructed, one 
for each mating. Each set included the data for the seven progeny genera­
tions and the two parent cultivars of one mating, and each mating was 
analyzed separately. The generation means analysis presented by Hayman 
(1958) was used to estimate genetic components of means and to evaluate 
the contribution of the genetic effects to the total variation among 
generation means. Gamble's notation (1962) for the genetic parameters 
was used because of its analogy to the notation used for genetic 
3 Appreciation is expressed to Dr. D. E. Alexander and Ms. Evelyn 
Marriott, Agronomy Department, University of Illinois, Urbana, 111., who 
conducted the NMR oil analyses. 
4 Appreciation is expressed to Dr. E. G. Hammond, Department of Food 
Technology, Iowa State University, Ames, Iowa, who supervised the fatty 
acid analyses. 
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components of variance. The general model for the observed mean of any 
generation, Y, is 
2 2 Y = m + aa + 3d + a aa + 2a3ad + 6 dd, 
where m represents the mean of a reference population (in this study, the 
generation); a and d represent pooled additive and pooled dominance 
effects, respectively, over all loci; and aa, ad, and dd are the pooled 
digenic interaction effects of additive x additive, additive x dominance, 
and dominance x dominance gene action, respectively, a and B are the 
appropriate coefficients for the additive and dominance effects for the 
generation under consideration. The values for a and B for the genetic 
components of the means of the nine generations in this model are given 
in Table 2. Means of the nine generations for each trait were fitted to 
Table 2. Coefficients for genetic components of means of each of nine 
generations in a mating 
Component 
LTeneration 
m a d aa ad dd 
Parent 1 (P^) 1 1 -0.5 1 -1 0.25 
Parent 2 (Pg,) 1 -1 -0.5 1 -1 0.25 
Fl 1 0 0.5 0 0 0.25 
^2 1 0 0 0 0 0 
F3 1 0 -0.25 0 0 0.0625 
BCiFi 1 0.5 0 0.25 0 0 
BC2F1 1 -0.5 0 0.25 0 0 
BCiF, 1 0.5 -0.25 0.25 -0.25 0.0625 
BC2F2 1 -0.5 -0.25 0.25 0.25 0.0625 
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the coefficients given in Table 2 using a weighted least squares pro­
cedure (SAS79, Proc GLM, weighted; Draper and Smith, 1966; Rowe and 
Alexander, 1980). The inverse of the variance of a generation mean was 
used as the weighting factor for that generation. A weighted analysis 
of variance was first performed on the data to obtain a weighted sum of 
squares for generations, corrected for the mean (Table 4). This was 
2 
equivalent to the sum of squares for the model Y = m + aa + Bd + cx aa + 
2 2a3ad + 3 dd + genetic residual. Next, the genetic parameters, begin­
ning with m, were fitted sequentially. Sums of squares for residual 
variation were calculated by subtracting the sum of squares for the model 
from the sum of squares for generations. A model was judged adequate to 
describe the variation among generation means when the mean square for 
residual (with degrees of freedom equal to the number of generations 
minus the number of parameters fitted in the model) was not significant 
when tested against the mean square for generations x environment inter­
action from the overall analysis of variance. 
Genetic effects were estimated for each trait in each mating as 
the solution to the weighted least squares equations 
V~^Y = V~^XB and 
= (X'V"^X)~^ X'V~^ 
where B is a vector of the genetic effects to be estimated, X is the 
matrix of the coefficients of each generation for each genetic parameter 
(Table 2), V is a diagonal matrix containing the variance of each genera­
tion, and Y is a column vector of the generation means, using the 
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"Solution" option of the SAS Proc GLM. Standard errors of the estimates 
were calculated as the product of the standard errors from the weighted 
analysis of variance and the diagonal element in the (XV "^X) inverse 
matrix for the effect to be tested (Darrah, 1970). 
74 
RESULTS 
Genetic Variation among Generation Means 
Variation among generation means within each mating was highly sig­
nificant for all traits (Tables 3 & 4). The generation x location inter­
action was significant in only one of the sixteen mating-trait combina­
tions, viz. linoleic acid in M3. Generation means for palmitic-acid 
content in groat oil for Ml and M2 showed a linear relationship to the 
proportion of the genetic complement of the various generations derived 
from (Fig. 1). Generation means for palmitic acid deviated signifi­
cantly from linearity in M2 and, more strikingly, in M3 and M4, but a 
satisfactory fit was obtained for all matings when the estimators for 
the additive x additive interaction effects were included in the model 
(Table 5). For the three traits, oleic and linoleic acid contents in 
groat oil and groat-oil content, the relationships of the generation 
means to the proportions of germplasm from were similar (Figs. 2, 3, 
and 4). Additive gene action accounted for nearly all of the genetic 
variation among generations for all three traits in Ml. Residual 
genetic variation for oleic acid and groat-oil content in M2, for all 
three traits in M3, and for oleic and linoleic acid contents in M4 was 
significant even after all five gene action terms were used in fitting 
the generation means of a mating to the Hayman model (Table 5). 
A graphic summary of the gene effects given in Table 5 and Figs. 
1 through 4 is presented in Fig. 5. Additive genetic effects and addi­
tive X additive interactions were the most important forms of gene 
action in these oat matings for all four traits. In Ml, more than 90% 
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Table 3. Generation means over two locations for palmitic, oleic, and 
linoleic acid contents in groat oil and groat-oil contents 
in each of four oat matings 
Gener- Mating Mating 
ation 
Ml M2 M3 M4 Ml M2 M3 M4 
Palmitic acid Oleic acid 
18.8 16.7 16.7 18.8 42.0 40.2 42.0 34.9 
^2 13.7 14.2 13.7 14.2 29.8 34.9 40.2 29.8 
Fl 15.9 15.6 16.3 15.3 37.6 37.8 34.6 41.8 
F2 15.5 15.2 16.3 15.3 37.0 38.5 32.7 40.6 
15.0 16.1 16.3 14.6 37.9 38.7 32.6 41.3 
BCiFi 16.7 15.8 17.1 16.4 39.8 38.8 35.8 38.9 
BC2F1 14.2 14.8 15.5 14.3 34.0 38.5 32.8 40.9 
BC1F2 16.4 16.0 17.5 16.4 39.0 40.2 33.7 42.1 
BC2F2 14.9 14.6 15.5 14.2 35.0 37.0 31.0 40.9 
Linoleic acid Total groat oil 
^1 47.1 47.2 40.8 47.2 8.5 7.6 8.5 5.2 
^2 40.8 38.5 38.5 47.1 4.6 5.2 7.6 4.6 
Fl . 42.6 42.4 45.3 39.0 6.9 6.5 5.4 8.3 
F2 43.5 42.3 47.2 40.4 7.0 6.2 5. 3 8,2 
F3 43.3 41.3 47.2 40.2 6.9 6.8 5.0 8.2 
BCi?! 45.4 42.9 45.4 41.2 7.9 6.7 5.4 8.2 
BC2FI 42.5 41.4 46.2 40.4 5.8 6.3 5.1 7.3 
BC1F2 44.4 43.9 47.1 39.7 7.4 7.7 5.3 8.5 
BC2F2 42.6 39.7 47.3 38.1 6.0 6.2 5.0 7.5 
^The high parent was designated as in each mating. 
76 
Table 4. Analyses of variance for palmitic, oleic, and linoleic acid 
contents in groat oil and groat-oil content in four oat 
matings grown at two locations 
Source of 
Variation 
Degrees 
of 
freedom 
Mat­
ing Palmitic 
Fatty acid 
Oleic Linoleic 
Total 
groat 
oil 
Generation 1 
2 
3 
4 
Pooled 
65.48** 
58.80** 
20.06** 
43.17** 
46.88** 
120.91** 
29.40** 
42.40** 
110.17** 
75.72** 
30.10** 
43.95** 
35.19** 
75.03** 
46.07** 
0.07** 
0.03** 
0.04** 
0.10** 
0.06** 
Generation x 
location 
1 
2 
3 
4 
Pooled 
2.29 
1.10 
1.42 
1.48 
1.57 
1.18 
2.24 
3.09 
0.96 
1.87 
1.23 
0.78 
4.09** 
1.45 
1.19 
0.0030 
0.0005 
0.0006 
0.0070 
0.0030 
Replicates 
(location) 
X genera­
tion 
47 1 
2 
3 
4 
Pooled 
1.23 
1.34 
1.38 
1.44 
1.35 
1.18 
1.27 
1.48 
1.16 
1.27 
1.23 
1.29 
1.35 
1.19 
1.27 
0.0020 
0.0010 
0.0006 
0,0040 
0.0020 
**Significant at the 0.01 level of probability. 
Figure 1. Relationship between means for palmitic acid contents in 
groat oil and percentage of germplasm from (high 
parent) in the nine generations in each of four matings 
(P^ = 100%; BCiFi and BC1F2 = 75%; F^, F2, and F3 = 50%; 
BC^F^ and BC Fg = 25%; and = 0%) 
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Table 5. Estimates of the genetic components of generation means and their standard errors for pal­
mitic, oleic and linoleic acid contents in groat oil and groat-oil content in four oat 
matings when additive and dominance effects and their interactions are included in the 
model, and the F value for the test of significance of residual suras of squares for the 
simplest sufficient model (components not required in the simplest sufficient model are 
in parentheses) 
Mating m aa ad dd pc 
Palmitic acid 
1 
2 
3 
h  
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
15.28+0.20 
15.34+0.18 
17.18±0.30 
14.74+0.33 
37.58±0.45 
39.48+0.39 
31.73+0.79 
43. 73±0.'.)1 
42.09+0.46 
41.67+0.48 
47.12+0.50 
36.94+0.90 
7.01+0. 
6.77+0. 
4.14±0. 
8.71+0. 
20 
21 
24 
35 
2.63**+0.32 
1.38A*±0.29 
1.79**+0.58 
1.88**±0.54 
4.75**+0.89 
0.81 ±0.64 
3.83* ±1.78 
-1.34 ±1.99 
2.03**±0.66 
2.31**±0.79 
-1.44 ±1.45 
0.59 ±2.08 
1.68**±0.28 
0.52 ±0.29 
0.17 +0.45 
1.24**+0.50 
0.58+0.59 
(••0.21+0.58) 
0.75±0.76 
0.40±0.84 
0.32+0.53 
(-0.32+0.58) 
-0.75±0.76 
1.31+0.83 
Oleic acid 
-0.54+1.04 
-1.64±1.10 
-2.19±2.34 
1.00±2.56 
-1.82* ±0.92 
-2.77 ±1.05 
5.34* +2.34 
-7.99**±2.52 
(-0.46±0.46) 
( 0.04+0.34) 
(-0.02±0.69) 
(-0.71±0.64) 
(-1.64+0.97) 
-1.54±0.77 
5.55+2.16 
-3.80±2.17 
(3.16±1.45) 
(0.67±1.32) 
(-2.91+2.02) 
(1.96±2.03) 
(1.89+2.91 
2.07±2.75 
11.27±6.10 
-4.32±7.14 
Linoleic acid 
(-0.28±1.28) 
1.92±1.17 
0.81+1.94 
-3.83±2.00 
(1.51 ±1.06) 
2.87**±1.14 
-4.79**±2.01 
4.25* ±1.84 
(-0.70 ±0.79) (-3.67±3.16) 
-2.42**±0.95 (-3.84±2.83) 
-2.60 +1.94 -5.70±5.20 
0.36 ±2.28 7.62+6.30 
1.77 
1.48 
0.47 
1.03 
1.71 
3.88* 
7.09** 
18.21** 
1.03 
2 . 0 6  
8.33** 
18.48** 
Total groat oil 
(0.13±0.48) (0.03 ±0.48) 
-1.11±0.61 -1.17 ±0.61 
-0.61±0.56 2.13**±0.51 
1.38±0.92 -1.73* ±0.88 
(-0.39±0.43) 
-0.68±0.36 
-0.40±0.55 
(0.94+0.62) 
(-1.14±1.21) 1.57 
1.86±1.20 9.00** 
4.68+1.58 7.79** 
(-4.66±2.25) 2.35 
3m, mean o 
aa, ad and dd, 
action effects, 
^Estimates 
signifi 
observed variat 
*,**Signif 
f the F2 generation; a and d, pooled additive and dominance effects, respectively; 
pooled additive x additive, additive x dominance, and dominance x dominance inter-
respectively. 
of m were always highly significant. 
cant F value indicates that the complete model was not sufficient to account for the 
ion among generations. 
icant at the 0.05 and 0,01 levels, respectively. 
Figure 2. Relationship between means for oleic acid content in groat 
oil and percentage of germplasm from (high parent) in 
the nine generations In each of four raatlngs (Pj = 100%; 
BC^Fi and BC1F2 = 75; F^, F2, and F3 = 50%; BC2F2 and 
BCgFg = 25%; and P^ = 0%) 
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Figure 3. Relatlon&hip between means for linoleic acid content in 
groat oi] and percentage of germplasm from (high parent) 
in the nine generations in each of four matings (P^ = 100%; 
and BC1F2 = 75%; F^, F2, and F3 = 50%; BC2F1 and 
BCgFg = 25%; and P = 0%) 
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Figure 4. Relationship between means for total groat oil and percentage 
of germplasra from (high parent) in the nine generations 
in each of four matings (P^ = 100%; BC^Fi and BC2F2 = 75%; 
Fi, F2, and F3 = 50%; BC2F1 and BC2F2 = 25%; and P2 = 0%) 
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Figure 5. Percentagef; of variation among generation means attributable 
to additive (a), dominance (d), additive x additive (aa), 
additive x dominance (ad), and dominance x dominance (dd) 
gene effects! when estimators for the five genetic effects 
are added sequentially to a model for generation means for 
analysis for palmitic, oleic, and llnoleic acid contents 
in groat oil and groat oil content in four oat matings 
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of the variation among generation means was due to additive genetic 
effects alone for all four traits. In M2, 75 to 95% of the variation 
was due to additive effects. For palmitic acid, additive genetic 
effects accounted for the major portion of variation in M3 and M4. In 
contrast, additive x additive gene interaction was the major source 
of genetic variation for oleic and linoleic acid contents and groat-oil 
content in M3, accounting for 60 to 70% of the total variation. In M4, 
40 to 50% of the variation among generation means for the latter three 
traits could be attributed to dominance gene action and about 40% to 
additive x additive gene interactions. However, no mating-trait com­
bination showed a reduction in sums of squares for residual genetic 
variation from significance to nonsignificance when estimators for 
dominance or dominance x dominance interaction effects were added to 
the model (Tables 5 and 6). For this reason, a second model contain­
ing only the additive and additive x additive parameters was fitted to 
data from the four matings (Table 7). For convenience, the first model 
will be referred to as the five-parameter model and the second as the 
two-parameter model. For the five-parameter model, residual sums of 
squares were significant for seven of the sixteen mating-trait combina­
tions. 
For the two-parameter model, residual sums of squares were sig­
nificant in eight of sixteen combinations. The only case where the 
five-component model gave a better fit was for linoleic acid in M2. As 
shown in Figure 6, when the two-parameter model was employed, additive 
gene action, acting either directly or in interaction, accounted for 75 
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Table 6. Numbers of matings in which the sums of squares for residual 
genetic variation among generations for palmitic, oleic, and 
linoleic acid contents in groat oil and groat-oil content 
was reduced to nonsignificance after the incorporation of 
the estimators of a genetic effect in the model for genetic 
variation among generations 
Genetic effects in the model „ . ,a 
Trait ; 73— Total 
a d aa ad dd 
Five-parameter model 
Palmitic acid 1 0 3 0 0 4 
Oleic acid 0 0 1 0 0 1 
Linoleic acid 1 0 0 1 0 2 
Total groat oil 1 0 1 0 0 2 
Total^ 3 0 5 1 0 9^ 
Two-parameter model 
a_ aa 
Palmitic acid 1 3 4 
Oleic acid 0 1 1 
Linoleic acid 1 0 1 
Total groat oil 1 1 2 
Total^ 3 5 8^ 
^Number of matings in which there was an adequate model for vari­
ation among generations for a trait. 
^Number of mating-trait combinations for which an adequate model 
contained the estimate of the genetic effect plus all genetic effects 
in columns to the left. 
^Number of adequate models for all 16 mating-trait combinations. 
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Table 7. Estimates of the genetic components of generation means and 
their standard errors for palmitic, oleic and linoleic acid 
contents in groat oil and groat-oil content in four oat mat-
ings when only additive effects and their interactions are 
included in the model and the F value for the test of sig­
nificance of residual sums of squares for the simplest suf­
ficient model (components not required in the simplest suf­
ficient model are in parentheses) 
Mating m^'^ a aa F^ 
Palmitic acid 
1 
2 
3 
4 
15.37±0.20 
15.34±0.17 
16.9510.25 
14.8210.32 
2.96**10.19 
1,40**10.12 
1.72**10.20 
2.41**10.23 
0.66 ±0.35 
(-0.04 ±0.21) 
-1.51**±0.28 
1.44**±0.35 
2.00 
1.48 
0.40 
1.17 
1 
2 
3 
4 
38.6310.42 
39.3610.44 
32.3010.86 
43.6210.76 
Oleic acid 
6.17**10.32 
1.87**10.33 
1.78* ±0.81 
1.99**10.51 
-1.15**±0.44 
-0.82 ±0.48 
8.71* ±1.20 
-9.14**±0.78 
1.64 
8.35** 
7.51** 
12.46** 
1 
2 
3 
4 
42.0610.45 
41.6710.56 
46.9810.56 
37.9410.69 
Linoleic acid 
2.60**10.33 
3.54**10.45 
0.26 10.73 
0.20 ±0.59 
(0.83 10.51) 
0.26 ±0.63 
-6.33**11.14 
7.09**10.78 
1.03 
7.05** 
8.72** 
11.33** 
1 
2 
3 
4 
6.9810.19 
6.7710.20 
4.4410.21 
8.5310.36 
1.88**10.18 
0.99**10.16 
0.39**±0.20 
0.56* ±0.25 
(-0.29 10.33) 
-0.19 10.26 
3.06* 10.31 
-3.59**10.41 
1.50 
8.00** 
8.09** 
2.00 
^m, mean of the F2 generation; a, pooled additive effects; aa, 
pooled additive x additive interaction effects. 
"Estimates of m were always highly significant. 
significant F value indicates that the complete model was not 
sufficient to account for the observed variation among generations. 
*,**Significant at the 0.05 and 0.01 levels, respectively. 
Figure 6. Percentages of variation among generation means attributable 
to additive (a) and additive x additive (aa) genetic effects 
when estimators for the two genetic effects are added 
sequentially to a model for general means analysis for 
palmitic, oleic, and linoleic acid contents in groat oil 
and total groat oil content In four oat matings 
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to 95% of the genetic variation among generations means for all four 
traits in all four matings. 
Estimates of Genetic Effects (Genetic Components of Means) 
Estimates of additive and dominance genetic effects and additive x 
additive, additive x dominance, and dominance x dominance genetic inter­
action effects were small in relation to the effects of m. Additive 
effects were significant in 10 of 16 mating-trait combinations in the 
five-parameter analyses and in 14 mating-trait combinations in the two-
parameter analyses (Tables 5 and 7, summarized in Table 8). All signifi­
cant estimates of additive effects were positive, because the higher-
value parent of each mating-trait combination was designated as P^. 
Dominance effects in the five-parameter model were both positive and 
negative, but none was significant. Because estimates of m, a, and d 
may be biased when interaction effects are significant (Hayman, 1958), 
estimates for m, a, and d in this study could be considered unbiased 
only for palmitic and linoleic acids and total groat oil in Ml and for 
palmitic acid in M2. Positive and negative additive x additive inter­
action effects were significant in eight instances for the five-
parameter model. In the two-parameter model, positive additive x addi­
tive interaction estimates became significant in two additional mating-
trait combinations (palmitic acid in M3 and M4). In M2, loss of sig­
nificance of the positive additive x additive interaction effects for 
linoleic acid accompanied the significant increase in residual sum of 
squares. The additive x dominance effect for linoleic acid in M2 and 
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Table 8. Numbers of instance of significance (5% level) for genetic 
effects of a given type and sign and the occurrence of 
significant residual genetic variation for palmitic, oleic 
and linoleic acid contents in groat oil and groat-oil con­
tent in four oat matings when analyzed using five- and 
two-parameter models^ 
Genetic effects in the model Signifi-
Trait cant 
a d aa ad dd residual 
+  +  —  + —  + —  +  —  
Five-parameter model 
Palmitic acid 4 0 0 0 0 0 0 0 0 0 
Oleic acid 2 0 0 1 2 0 0 0 0 3 
Linoleic acid 2 0 0 2 1 0 1 0 0 2 
Total groat oil _1 0 0 1 _1 0 £ 0 1 1 
Total 10 0 0 4 4 0 1 0 1 7 
Two-parameter model 
aa 
+ -
Palmitic acid 4 
Oleic acid 4 
Linoleic acid 2 
Total groat oil _4 
1 1 
1 2 
1 1 
1 1 
0 
3 
3 
2 
Total 14 
^Estimates of m were always significant. Estimates of m and 
significant estimates of a were always positive, a and d, pooled 
additive and dominance effects, respectively; aa, ad and dd, pooled 
additive x additive, additive x dominance, and dominance x dominance 
interaction effects, respectively. 
^Format from Darrah (1970). 
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the dominance x dominance interaction effect for groat oil in M4 were 
significant and negative. The estimate of dominance x dominance 
genetic interaction for groat oil in M4 was the only estimate of a 
genetic effect that was significant when the estimators of the 
genetic effect were not required in a satisfactory model for the 
mating-trait combination. 
96 
DISCUSSION 
Hayman's model for generation means analysis involves a number of 
basic assumptions. The first is that genotypic and environmental 
effects interact additively, an assumption that was satisfied by the 
data in this study because generation x environment interaction mean 
squares were generally nonsignificant (Table 4). Second, the analysis 
assumes that most positive alleles for a trait are in one parent and 
most negative alleles are in the other. Generation means for Ml and M2 
indicate that this assumption was met in these matings for all four 
traits, but obviously it was satisfied only for palmitic acid in M3 and 
M4 (Figs. 1 to 4). The generation means analysis measures additive 
effects as one-half the difference between the means of the two parents. 
Consequently, the importance of additive gene action cannot be evalu­
ated by Hayman's method when the positive and negative alleles are not 
concentrated separately in the two parents of a mating. The difference 
in relative importance of additive gene action in Ml and M2 vs. M3 and 
M4 for oleic and linoleic acid contents in groat oil and groat-oil con­
tent reflects limitations in this analysis, and in fact, additive gene 
action for these traits may have been very important in M3 and M4. The 
greater importance of additive gene action in Ml and M2 is not an 
indication that H x L matings are necessarily the best matings for 
exploiting favorable additive gene action for plant breeding objectives. 
Generation means in M3 and M4 provide other information about the 
genetic systems that control oleic and linoleic acid contents in groat 
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oil and groat-oil content. Means for both parents in M3 and M4 are 
similarly high or low for these three traits, but the means of progeny 
generations are significantly different from either parent (Figs. 2 to 
4). The parents were homozygous and all generations were grown in the 
same environments, so the transgressive progeny means in these six mat-
ing-trait combinations may well have been due to digsnic or higher-order 
interactions in the expression of the three traits and/or the fact that 
alleles in the two parents of each mating, although producing similar 
phenotypes, were different. The presence of different alleles in the 
two parents of each mating was indicated because if alleles in the 
parents were similar, progeny means for all generations would be similar 
to the parental means. Parental genotypes for oleic and linoleic acids 
and groat oil must be characterized by favorable or unfavorable gene 
interactions that were disrupted by recombination to such an extent that 
progeny of these matings did not resemble their parents. 
There may be a real difference among matings in the relative 
importance of additive main eflects and additive interactioa effects, 
as revealed by the analyses of generation means for palmitic acid, the 
single trait for which all four matings conformed to the isodirectional-
distribution assumption of positive and negative alleles (Table 3, 
Fig. 1). In M3 and M4, 66 and 84%, respectively, of the total variation 
among generations for palmitic acid content could be attributed to simple 
additive effects of genes, but in Ml and M2, the percentages of varia­
tion attributed to additive effects were 93 and 97%, respectively (Figs. 
5 and 6). One cause of this difference in relative importance of 
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additive vs. more complex gene effects among matings could be differences 
in the degree of relationship between parents in the four matings. How­
ever, parents of M3 and M4 were neither more nor less closely related 
than the parents of Ml and M2 (Coffman, 1977). Therefore, the relative 
importance of allelic interaction in a mating is probably a specific 
effect of the two parental genotypes in the mating. For example. 
Garland was mated with Pettis in Ml and with Richland in M4, but the 
relative contribution of additive action to variation among generation 
means was much greater in Ml than in M4 for all traits (Figs. 5 and 6). 
Similarly, contrasting results in two matings were found when Jaycee, 
Richland, and Pettis were mated to other cultivars. 
The generations means analysis model further assumes the absence of 
trigenic or higher-order interactions (Assumption 3) and no linkage of 
interacting genes (Assumption 4). Validity of both of these assumptions 
is questionable in these materials, as shown by the fact that residual 
variation was significant in seven mating-trait combinations even after 
the five-component model was completely fitted. In the development of 
the populations used in the generation means analysis, there was little 
opportunity for recombination to occur, so linkage could have affected 
the contribution of interacting genes to the means of segregating 
generations and to the variation among generations. Because the coeffi­
cients of the estimators of interaction effects in the expectations of 
the means of segregating generations (Table 2) change according to the 
degree of linkage, all genetic effects except the additive (which is 
estimated entirely from the means of nonsegregating generations. 
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a = ^ (P^-Pg); Hayman, 1958) are biased when there is linkage of inter­
acting genes. In this study, it was not possible to distinguish be­
tween the importance of higher-order interaction and linkage between 
interacting loci. 
A fifth assumption of the Hayman model is that only two alleles 
are present at a locus within a mating, one from each homozygous 
diploid. However, A. sativa is a disomic allohexaploid and a homozygous 
oat genotype probably has different alleles at corresponding loci in the 
homeologous genomes, and each parent could contribute more than one 
allele to a -.ating. Therefore, in addition to interactions between 
loci in one genome, generation means in these four oat matings may 
reflect interactions between different alleles at homeologous loci 
and/or interaction between different loci in different genomes (MacKey, 
1970). Because oat chromosomes pair bivalently (O'Mara, 1961), the 
implications of additive intergenomic interactions, both among 
homeologous loci and between loci, are the same as for interactions 
between loci within one genome; i.e., boch can be fixed ia homozygous 
genotypes. 
In summary, the generation means analyses indicate that total 
groat-oil content and fatty acid composition of the groat oil in four 
oat matings was controlled primarily by genes with additive and addi­
tive X additive interaction effects, and that dominance effects were of 
little importance. Allelic variation existed between both similar and 
contrasting phenotypes for oleic and linoleic acid contents and total 
groat oil among the four cultivars used as parents. If these results 
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are applicable to oat genotypes in general, genetic variation for 
groat-oil content and specific fatty acid composition of the groat oil 
can be fully exploited in homozygous genotypes, e.g., in pure-line 
cultivars. These results suggest that intrapopulation recurrent 
selection should be an effective procedure for increasing the frequency 
of and accumulating favorable additive interactions for improving the 
groat-oil content in oats and for modifying the contents of palmitic, 
oleic, and linoleic acids in the groat oil. 
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IV. SELECTION FOR HIGH GROAT-OIL CONTENT IN INTERSPECIFIC 
POPULATIONS OF OATS, AVENA SATIVA L. AND A. STERILIS L. 
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ABSTRACT 
High groat-oil content was the selection objective in two cycles 
of selection in segregating populations derived from eight species 
backcrosses (Avena sativa x (A. sativa x A. sterilis)) among 24 parents 
chosen for high values of this trait. progeny of 12 (3x4) factorial 
interspecific matings among a subset of the parents were grown to 
identify transgressive segregates for groat-oil content. 
One cycle of phenotypic selection using single plant data showed 
a genetic gain estimated to be 1.7 to 2.1% in groat-oil content. 
Individual plants selected for the second cycle had from 9.5 to 12.5% 
groat oil. progeny means were similar to the midparent values over 
the 12 interspecific matings. Transgressive segregates for high and low 
groat-oil content were evidence that A. sterilis can contribute addi­
tional genetic variation for groat-oil content to the gene pool of 
cultivated oats. This research is being continued in the Iowa Agri-
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INTRODUCTION 
Insufficient crop diversity and soil erosion are two problems that 
have increased in the Com Belt with the demise of the traditional com-
oats-meadow rotation. The present two-crop system of com (Zea mays L.) 
and soybeans (Glycine max (L.) Merr.) exists because no ether crops are 
as consistently profitable. Efforts are being made to improve the 
profitability of other crops to broaden the base of midwestem agri­
culture. Oats (Avena sativa L.) have advantages of being already adapted 
to midwestem conditions, and fitting well into soil conserving cropping 
systems. If the oat crop could be made more profitable, its acreage 
would probably increase, with benefits of soil conservation and crop 
diversity in the Midwestern USA. 
An increase in the groat (caryopsis)-oil content of oats above 5 
to 8%^ in current cultivars would increase the energy content of oats 
and, therefore, their value as a feed grain (Forsberg et , 1974; 
Fréy and Hammond, 1975). Both the quantity and the quality of oat 
groat protein are high (Frey, 1950; Robbins et al., 1971). Oil and 
protein are generally negatively associated in oats, but oat genotypes 
with high values of both components do exist (Stuke, 1960; Brown e^ al., 
1966; Forsberg et al., 1974; Elliott, 1975), and groat oil and grain 
yield are positively associated in oats (Stuke, 1961; Brown et al., 
1974; Forsberg et al., 1974; Thro, 1982a). Furthermore, it has been 
^H. W. Rines and R. P. Halstead, 1977-1981, Uniform early and mid-
season performance nursery, Ag. Res., SEA, USDA, N. Central Region, 
St. Paul, Minn. Unpub. Yearly. By permission. 
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estimated that a groat-oil content of 17% would permit economic com­
mercial extraction of oat oil for human consumption (Frey and Hammond, 
1975). Lines with high oil content have been found in the related 
hexaploid oat species A. sterilis L. and genes from that source may 
permit the groat-oil content to be elevated materially (Brown and 
Craddock, 1972; Frey and Hammond, 1975; Rezai, 1977). 
This paper reports the results of selection for high groat-oil con­
tent in segregating populations derived from eight species backcrosses 
(A. sativa x (A. sativa x A. sterilis)) and 12 factorial matings among 
a set of A. sativa and A. sterilis parents. The 12 interspecific 
factorial matings were made to determine whether A. sativa cultivars 
and A. sterilis accessions chosen for high groat-oil content carried 
the same or different sets of alleles at loci conditioning high groat-
oil content and to study the nature of the genetic control of groat-
oil content in interspecific matings (Frey et al., 1975), information 
that is pertinent to the choice of an optimum breeding procedure for 
this trait. These studies were part of a comprehensive investigation 
of the feasibility of breeding high-oil oats. 
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REVIEW OF LITERATURE 
Recently, Hammond (1982) reviewed the literature on groat-oil con­
tent in Avena spp. A wide range in groat-oil content occurs in oats 
(Youngs and Forsberg, 1979). Brown ^  aX. (1966) observed from 3.9 
to 9.0% oil in 169 USA cultivars grown in Illinois, and Sahasrabudhe 
(1979) found 4.2 to 11.8% oil in a series of 12 USA and Canadian culti­
vars grown in Ontario. Most strains grown in recent USA Uniform Early 
2 
and Midseason Oat Performance Nurseries have from 5 to 8% groat oil. 
These values are low when compared to oilseed crops, but oats have the 
highest caryopsis-oil content of any commercially grown cereal (Weber, 
1973; Price and Parsons, 1975). Among collections of A. sterilis L., 
a weedy hexaploid species that grows abundantly in the Mediterranean 
basin, groat-oil contents vary from 2.0 to 11.6% (Brown and Craddock, 
1972; Frey and Hammond, 1975; Rezai, 1977; Yarosh et al., 1977). Four 
cultivars of Midwestern USA origin were found (Thro, 1982b) to have 
similar groat-oil contents, but the phenotypic values were conditioned 
by different sets of alleles (Thro, 1982b). It may, therefore, be 
possible to extend the range of phenotypic variation for groat-oil con­
tent materially using plant breeding methods. 
Genotype is the major source of variation for groat-oil content in 
oats, and the ranking of genotypes for this trait remains fairly con­
stant over environments, both of which indicate that genotypic and 
2 
H. W. Rines and R. P. Halstead, 1977-1981, Uniform early and mid-
season performance nursery, Ag. Res., SEA, USDA, N. Central Region, St. 
Paul, Minn. Unpub. Yearly. By permission. 
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environmental effects on groat-oil content of oats are additive 
(Hutchinson and Martin, 1955; Stuke, 1960; Baker and McKenzie, 1972; 
Frey and Hammond, 1975; Youngs and Forsberg, 1979; Thro, 1982a). En­
vironmental effects on groat-oil contents are less than they are on 
groat protein or grain yield (Youngs and Forsberg, 1979; Thro, 1982a). 
Consequently, phenotypic values for groat-oil content provide good 
relative estimates of breeding values of genotypes, and heritability 
of this trait is high. Baker and McKenzie (1972) reported that progeny 
mean heritability ranged from 68 to 93%. Single-plant heritabilities 
were reported by Stuke (1960) to be from 83 to 98%, and Brown et al. 
(1974) obtained values of 59 to 79%. Because groat-oil content of 
oats shows wide variation and high heritability, response to breeding 
for this trait can be expected. 
Stuke (1960) estimated that inheritance of groat-oil content of 
oats involved six to seven loci. Baker and McKenzie (1972) and 
Brown e^ (1974), in 13 matings and a diallel of eight parents, 
respectively (all A. sativa), found that progeny means for groat-oil con­
tents were similar to midparent values, suggesting additive gene action 
for the trait. Frey e^ al. (1975) found polygenic inheritance and Fg-
progeny mean values that were greater than midparent values in three 
A. sativa x A. sterilis matings, an indication that high groat-oil con­
tent was partially dominant in these interspecific matings. In these 
three studies, frequency distributions of groat-oil content of segre­
gates were characteristic of polygenic inheritance. Baker and McKenzie 
(1972) concluded that it was unlikely that any one of 55 F^-derived 
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lines in their study contained all of the genetic factors for high 
groat-oil content, and they suggested that genotypes with 10% groat oil 
could probably be developed. In a diallel mating of eight oat culti-
vars, Brown et al. (1974) found that general combining ability (gca) 
effects were larger than those for specific combining ability (sea) 
and that gca effects were correlated with parent groat-oil content. 
This provides further evidence for additive gene action for alleles 
influencing oil content. Ahmed (1978) and Barrales Vega (1979), who 
evaluated genetic variance for groat-oil content in diallel matings 
among eight and six cultivated parents, respectively, found that addi­
tive variance was the most important form of genetic variance for groat 
oil but that epistasis also occurred. Additive x additive interaction 
effects were an important source of variation among generations in two 
of four matings between midwestem USA cultivars, and additive gene 
action was important in all four matings in a study by Thro (1982b). 
Groat-oil content is determined largely by the genotype of the 
maternal plant. This control occurs through nuclear and not plasmagenes 
(Brown and Aryeetey, 1973; Brotm et al., 1974; Elliott, 1975). There 
is, therefore, little variation for oil content among groats borne on a 
single plant and the oil content of the groats from a plant estimates 
the capacity of the maternal genotype for oil production. 
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M/.TERIALS AND METHODS 
Selection for High Groat-Oil Content 
Selection was initiated among and within the progenies of eight 
three-way crosses or "species backcrosses". Initially, interspecific 
single-cross matings were cbtained by mating eight A. sterilis acces­
sions with eight A. sativa cultivars (Table 1). All sixteen parents 
used in the interspecific matings were chosen for high groat-oil con­
tent. Whenever possible, parents of both species were chosen from 
geographically separated regions so as to include as much genetic 
diversity as possible. Because groat-oil content is not cytoplasmically 
inherited, A. sativa cultivars were used as females and A. sterilis ac­
cessions as males. The A. sativa parents mated with the interspecific 
single crosses to produce the three-way cross matings were eight culti­
vars and breeding lines chosen for agronomic excellence (Table 1), 
especially for high grain yield, groat percentage, test weight, and 
lodging resistance. 
Hybrid seeds within three-way crosses were heterogeneous as well 
as heterozygous because male parents were plants from single-cross 
seeds. Therefore, to adequately sample the variation among three-way 
cross F^s, 20-25 seeds of each three-way cross were sown individually 
in pots in the greenhouse, and about 100 selfed seeds were harvested 
from each of 10 plants per cross. The 8000 F^ seeds from the three-
way crosses (100 seeds from each of ten F^ plants from each of the eight 
three-way crosses) were space-sown in the field in April, 1979, at the 
Agronomy and Agricultural Engineering Research Center near Ames, Iowa, 
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Table 1. Geographic origin, groat-oil content, and source of groat-
oil data for parents of eight three-way crosses (Avena 
sativaTT x (A. sativaj x A. sterilis)) of oats 
Three-
way Parent 
cross 
Geo­
graphic 
origin 
Groat 
oil 
content 
(%) 
Year(s) grown and reference for 
groat oil data 
Avena sativa 
I. High-oil group 
1 CI 6857 FL, USA 10. 7 1960 Brown and Craddock (1972) 
2 Lodi WI, USA 8. 2 1972-•76 Youngs and Forsberg (1979) 
3 Mo-0-5499 MO, USA 9. 2 1972 Smith and Briggle (1972)& 
4 Wright WI, USA 8. 6 1972-•76 Youngs and Forsberg (1979) 
5 Mo-0-205 MO, USA 8. 9 1972-•76 Youngs and Forsberg (1979) 
6 Orbit NY, USA 7. 2 1972--76 Youngs and Forsberg (1979) 
7 CI 3445 India 11. 0 1960 Brown and Craddock (1972) 
8 Dal WI, USA 8. 5 1972--76 Youngs and Forsberg (1979) 
A. sterilis 
1 PI 282731 Israel 9. 1 1975-•76 Rezai (1977) 
2 PI 296247 Israel 9. 7 1975--76 Rezai (1977) 
3 PI 309193 Israel 10. 0 1975-•76 Rezai (1977) 
4 PI 309430 Israel 9. 1 1975-•76 Rezai (1977) 
5 PI 324806 Algeria 9. 3 1975--76 Rezai (1977) 
6 PI 411540 Algeria 10. 2 1975--76 Rezai (1977) 
7 PI 411971 Iraq 9. 4 1975--76 Rezai (1977) 
Q pT 412443 O^ 9. 7 1975--76 LVCZ -*"• *» (1577) 
A. sativa 
II. Agronomic group 
1 Noble IN, USA 6.8 1978 Hammond (1978) 
2 Otee WI, USA 7.3 1972-•76 Youngs and Forsberg (1979) 
3 Spear SD, USA 8 .8  1978 Hammond (1978) 
4 Lang IL, USA 7.0 1972-•76 Youngs and Forsberg (1979) 
5 Stout IN, USA 5.9 1978 Hammond (1978) 
6 CI 9273 lA, USA 9.3 1978 Hammond (1978) 
7 Pettis MO, USA 9.0 1978 Hammond (1978) 
8 Y22-15-9 lA, USA 9.3 1978 Hammond (1978) 
X 8.8 
^R. T. Smith and L. W. Briggle, 1972, Uniform early oat per­
formance nursery, ARS, USDA, N. Central Region, St. Paul, Minn. Unpub. 
By permission. 
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on a Webster loam soil (fine loamy, mixed, mesic Typic Haplaquodoll). 
Spacing was 15 cm within rows and 0.9 m between rows. The experimental 
area was fertilized with 25, 45, and 45 kg/ha of N, PgO^, and KgO, 
respectively. Weeds were controlled by cultivation and hand hoeing. 
Dithane (active ingredient Zn-Mn ethylene bisdithiocarbamate) was spray-
applied onto plants at weekly intervals from anthesis to maturity to 
prevent foliar fungal diseases. When plants were mature, the 4,447 
plants that survived were harvested and threshed individually. Threshed 
seed lots from individual plants were examined for agronomic quality, and 
667 lots that had white or yellow hulls and were awnless were saved 
for oil analyses. This sample of progenies from 667 plants was 
constructed to include no more than ten segregates from a single 
plant within a three-way cross. A 3.5- to 5.0-g sample of groats from 
each of the 667 F^ progenies was analyzed for oil content by using the 
nuclear magnetic resonance (NMR) method described by Conway and Earle 
3 (1963). On the basis of the oil content data, 72 F^-derived lines 
with groat-oil content of 7.5% or greater were selected as parents for 
the first cycle of recurrent selection. 
Remnant seeds of the 72 selected F^-derived lines were sown in pots 
in the greenhouse and 36 matings were made with each mating involving 
parents from different three-way crosses. The three-way crosses repre­
sented in each mating were chosen at random. F^s from these 36 matings 
3 Appreciation is expressed to Dr. D. E. Alexander and Ms. Evelyn 
Marriott, Agronomy Department, University of Illinois, Urbana, 111., 
who conducted all NMR oil analyses. 
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were sown in the greenhouse, and when mature approximately 100 selfed 
seeds were harvested from each mating. About 2500 F2 seeds were space-
sown in the field at the Agronomy and Agricultural Engineering Research 
Center near Ames (1981), utilizing cultural conditions similar to those 
described above. Drought conditions were severe at Ames in 1981, and 
only 286 plants produced sufficient seed for groat-oil analyses. Ninety 
progenies with groat-oil content 9.5% or greater were selected to con-
4 
tinue this project. This 90-line sample included at least one from 
each of 25 matings. 
Factorial Interspecific Matings 
Genetic materials 
A factorial set of interspecific matings was made among four A. 
sterilis accessions and three A. sativa cultivars as shown in Table 2. 
The A. sativa parents were of diverse geographic origin, and the A. 
sterilis parents were collected in four different countries. Seeds 
from the exact plants used as parents and F^ seeds of the matings were 
space-sown in a split-plot randomized complete block design with two 
replicates at the Agronomy and Agricultural Engineering Experiment Sta­
tion, Ames, Iowa, on April 7, 1980. Whole plots were matings and sub­
plots were generations within a mating (P^ or A. sativa parent, 
sLerilis parenL, and ^2^" Rows within plots were 3 m long with 0.9 û 
between rows, and 20 seeds were sown per row at 15 cm intervals. In 
4 
Appreciation is expressed to Grad. Res. Asst. F. Rattunde, who 
made the selections from the NMR data and assumed responsibility for 
the continuation of the selection project at this stage. 
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Table 2. Parents, their geographic origin, and means of groat-oil 
content for parent and F2 progeny from the 3x4 factorial 
interspecific (Avena sativa x A. sterilis) matings 
Male parent (A. sterilis) 
Female 
PI 
411540 
(Algeria) 
PI 
412443 
(Turkey) 
PI 
411971 
(Iraq) 
PI 
324819 
(Algeria) 
X 
parent (A. 
sativa) 
Groat-oil 
content (%) 9.3 8.5 8.5 9.3 8.9 
Dal 
(WI, USA) 
7.7 8.8 8.5 7.6 8.7 8.4 
Orbit 
(NY, USA) 
6.7 7.9 7.4 7.9 8.3 7.9 
CI 3445 
(India) 
9.7 9.6 8.5 9.1 10.0 9.3 
X 8.0 8.8 8.1 8.2 9.0 8.5 
each whole plot, parents were represented by one row (20 seeds) each and 
the F2 progeny by five rows (100 seeds). Soil type and cultural prac­
tices for this experiment were as described earlier. Panicles of A. 
sterilis parents and of segregates showing the shattering trait were 
bagged after panicles reached full elongation. Bags were 46 x 51 cm and 
made of "Delnet PQ 218" high density polyethylene nonwoven fabric 
(Hercules, Inc., Wilmington, Delaware 19899).^ Light intensity under 
the bags vas reduced by 9.5% from midday photosynthetically active radia­
tion (PAR). At maturity, 10 random plants, or fewer if less than 10 
Mention of a trademark or proprietary product does not constitute a 
recommendation of the product by Iowa State University and does not imply 
its approval to the exclusion of other products that may also be suitable. 
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survived to maturity, were harvested from each row. Plants were threshed 
separately, and a 3.5- to 5-g groat sample from each plant was analyzed 
for oil content using the NMR method. 
Statistical methods 
The oil percentages from the individual plants in a plot were 
averaged to give a plot mean, and the plot means were used to conduct 
analyses of variance. The groat-oil data for both parents and Fg-
progenies were analyzed according to the model for a split-plot design. 
Next, the F^^progeny data were analyzed as a cross-classified design, 
to permit the computation of components of variance for the effects of 
males, effects of females, and for interaction of males and females 
(Table 5). The components for males and females are equivalent to vari-
2 
ance due to general combining ability ) and the interaction com-
2 
ponent is equivalent to specific combining ability ) (Comstock 
and Robinson, 1948; Hallauer and Miranda, 1981). 
*  ^V  ^ o "r r» o o O OO ^ y* T7 L. j. ^ ^  V, O O .A. V v.. ^ ^ kik w. & 4 W *< «.»« » WVp* ^ M ^ « 2 
plant whose observed groat-oil content was greater than the mean of the 
high parent or less than the mean of the low parent by 1.96Sp^ or 
1.96s^p, respectively, where s^p and s^p represent the standard devia­
tions of the high and low parent, respectively, and 1.96 is the tabular 
value of t at a = 0.025. Groat oil data from the replicated parent 
cultivars and accessions were used to adjust individual F^ observations 
for the effect of replications, as follows: 
^2(adj.) " ^2(obs.) ^"^exp. " ^rep^ 
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where and represent the midparent value for a mating over 
the entire experiment (two replicates) and for a given replicate 
(approximately 20 single-plant observations per parent), respectively. 
Numbers of transgressive segregates were calculated for each mating. 
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RESULTS 
Recurrent Selection for High Groat-Oil Content 
The mean groat-oil content for the 667 plants from the eight 
three-way cross matings was 6%. The 72 progenies chosen from this popu­
lation of 667 plants (representing 11%) for high groat-oil content had a 
mean value of 8.1% and a range of 7.5 to 9.9% groat oil. Mean groat-oil 
content of the 286 surviving plants representing intermatings between 
50 of the 72 selected lines was 9%. The 90 progenies chosen from this 
population of 286 plants (31%) had a groat-oil content mean of 10.7% and 
a range from 9.5 to 12.6%. The value of 12.6% groat oil observed in one 
selected progeny exceeds by 1.6% the highest groat-oil content of any 
parent from either species used to initiate •'his breeding population. 
Factorial Interspecific Matings 
In the analysis of groat-oil contents for the 12 factorial matings, 
both matings and generations were significant sources of variation 
(Table 3). The mean groat-oil content for A. sativa parents (8.0%) was 
significantly lower than the mean for the A. sterilis male parents 
(8.9%), and over all matings the midparent and F^-progeny mean did not 
differ significantly. Only in matings Dal x PI 324819 and CI 3445 x 
PI 412443 did the midparent value and F^ progeny mean differ signifi­
cantly (Table 4). Analysis of the variation among the F^-progeny means 
only (Table 5) showed that A. sativa parents differed in general combin­
ing ability, whereas A. sterilis parents did not (Table 5). Mean groat-
oil content of progeny from individual matings did not differ from 
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Table 3. Analysis of variance for groat-oil content of parents and F2 
progeny of 3 x 4 factorial interspecific (Avena sativa x 
A. sterilis) matings in oats 
Source of Degrees of Mean 
variation freedom squares 
Replicates 1 231.20*** 
Matings 11 66.32*** 
Error b 11 6.39 
Generations 2 42,40** 
A. sativa females vs. A. sterilis males 1 39.93* 
Midparent vs. F2 1 2.47 
Matings x generations 22 10.53*** 
Error b 24 1.20 
*,**,***Significant at the 0.10, 0.05 and 0.01 levels, respectively. 
Table 4. Midparent and F2 progeny mean values for groat-oil content in 
3x4 factorial interspecific (Avena sativa x A. sterilis) 
matings in oats 
. . Groat oil content (%) 
Mating 
Midparent F2 
Dal X PI 411540 8.9 8.8 
Dal X PI 412443 8.4 8.5 
Dal X PI 411971 7.7 7.6 
Dal X PI 324819 7.8 8.7** 
Orbit X PI 411540 7.8 7.9 
Orbit X PI 412443 7.2 7.4 
Orbit X PI 411971 8.1 7.9 
Orbit X PI 324819 8.2 8.3 
CI 3445 X PI 411540 9.6 9.6 
CI 3445 X PI 412443 9.0 8.5* 
CI 3445 X PI 411971 9.5 9.1 
CI 3445 X PI 324819 9.6 10.0 
Mean 8.5 8.5 
*,**Significantly different at the 0.05 and 0.01 levels, respec­
tively. 
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Table 5. Analysis of variance with expected mean squares and components 
of variance of Fg progeny groat-oil content in 3 x 4 factorial 
interspecific (Avena sativa x A. sterilis) matings in oats 
„ _ . ^. Degrees of Mean Expected Source of variation ^ , freedom squares mean squares 
Replicates 1 5.47** 
Matings 11 1.38** 
2  O  O  
Females (Avena sativa) 2 4.69** a + r o + rm a f 
Males (A. sterilis) 3 1.25 + r + rf 
Females x males 6 0.39 + r 
2 Replicates x matings 11 0.27 o 
= 0.14 = 0.54** = 0.06 
m f mf 
**Significant at the 0.01 level. 
expectations based on parent values, so specific combining ability vari­
ance was nonsignificant. 
Transgressive segregates were found in each of the 12 matings 
(Table 6). However, few of them produced equivalent numbers of high and 
low transgressive segregates. Five matings produced predominantly or 
exclusively low transgressive segregates whereas three produced predomi­
nantly or exclusively high transgressive segregates. Matings with 
CI 3445 or PI 324819, the highest-oil A. sativa and A. sterilis parents, 
respectively, had the highest number of high-oil transgressive segre­
gates, and matings with Orbit and PI 412443, the lowest-oil parents in 
the two species, had few or no high-oil transgressive segregates. Over­
all, about two-thirds of the transgressive segregates were low. 
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Table 6. Numbers of transgressive segregates for low and high groat-
oil content in the 12 interspecific (Avena sativa x A. 
sterilis) matings in oats 
Mating Low High Total 
Dal X  PI 411540 5 3 8 
Dal X  PI 412443 1 1 2 
Dal X  PI 411971 10 1 11 
Dal X  PI 324819 1 6 7 
Orbit X  PI 411540 3 0 3 
Orbit X  PI 412443 4 0 4 
Orbit X  PI 411971 8 0 8 
Orbit X  PI 324819 1 1 2 
CI 3445 X  PI 411540 0 6 6 
CI 3445 X  PI 412443 9 0 9 
CI 3445 X  PI 411971 0 4 4 
CI 3445 X  PI 324819 0 2 2 
Total 42 24 66 
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DISCUSSION 
Recurrent Selection for High Groat-Oil Content 
It is not possible to evaluate exactly how successful recurrent 
selection has been for increasing groat-oil content in the population 
of oats derived from the eight three-way matings involving both high 
oil A. sativa and A. sterilis parents because the plant materials from 
the various populations were not grown in a common environment. How­
ever, some indirect comparisons can be made to provide estimates of 
the magnitude of success from selection. 
In a. number of studies conducted in the USA and Europe, the addi­
tive effect of environment on groat-oil content has ranged from 0.7 
to 1.9%, when a common set of cultivars was tested (Table 7). Further, 
six of the 24 parent cultivars used in the three-way satings were 
evaluated for oil content in 1980, and their mean value was 0.9% greater 
in 1980 than their mean from values given in Table 1. A mean environ­
mental effect based on all of these studies would be 1.3%. 
The mean of the eight three-way cross progenies was 6% groat-oil 
content, a 2.8% decrease from the mean of all 24 parents (Table 1). This 
difference is greater than would be expected if environmental effects 
alone were responsible and probably includes a genetic component. The 
genetic component of the decrease may be the result of linkage, because 
selection for agronomic seed type was practiced before oil determination. 
However, even if alleles for seed type and groat-oil content are linked, 
the mean of the population after selection for agronomic seed type would 
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Table 7. Environmental effects on groat-oil content of oats 
Environmental Number Number of 
effect as % of environments _ ^ 
.. , /I \ Reference groat-oxl geno- (years/locations) 
(maximum or average) types and Geog. region 
(genotype mean -1%) 14 
(ave. ) 
1.93% (max.) 
0.7 to 1.5% 
(ave.) 
396 
(10 C V S . )  22 envs. 
(4 C V S . )  46 envs. 
England and Scotland 
30 (2/15) 
East Germany 
12 (4/3) 
USA (WI, IL, ND) 
Hutchinson and 
Martin (1955) 
Stuke (1961) 
Halstead (1975) ; 
Halstead and Rines 
(1976)b; Rines and 
Halstead (1977 and 
1978)C 
1.7% (max.) 6 (2/3)  
USA (lA) 
Thro (1982a) 
^R. P. Halstead, 1975, Uniform and early midseason oat performance 
nursery, ARS, USDA, N. Central Region, St. Paul, Minn. Unpub, 
^R. P. Halstead and H. W. Rines, 1976, Uniform early and mid-
season oat performance nursery, ARS, USDA, N. Central Region, St. 
Paul, Minn. Unpub. 
^H. W. Rines and R. P. Halstead, 1977 and 1978, Uniform early and 
midseason oat performance nursery, ARS, USDA, N. Central Region, St. 
Paul, Minn. Unpub. 
not be expected to fall much below the mean of the 16 A. sativa parents 
(approximately 8.0/© great cil). The lew progeny mean great—c%l content 
could also be the result of non-allelic interaction. 
The means of the Cq (1978) and C^ (1981) populations for groat-oil 
content were 6.0% and 9.0%, respectively. If one assumes that the 
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seasons in which these populations were grown were random, the expected 
differential due to environmental effect would be about 1.3%. In this 
case, 1.7% of the 3.0% difference between population means could be 
assigned to genetic improvement from one cycle of recurrent selection. 
A somewhat more direct comparison also can be made. The 72 se­
lected F^-derived lines used as parents to initiate the population 
in this recurrent selection program were grown in both 1978 (as F^-
spaced plants) and in 1981 (as F^-spaced plants) and the means for the 
two years were 8.1% and 9.0%, respectively. This suggests a positive 
environmental effect between these two specific years of +0.9%. If 
this estimate is used, the gain from one cycle of recurrent selection 
would be 2.1% in groat-oil content. Nevertheless, recurrent selection 
was successful for increasing the level of groat-oil by a sizable amount. 
Factorial Interspecific Matings 
The data from the factorial interspecific matings provide evidence 
on two aspects of genetic variations for groat-oil content in oats: 
(a) type of gene action, and (b) diversity of sources of alleles for 
high groat-oil content. 
Overall, in this set of matings the F^-progeny mean and the parental 
mean did not differ significantly, and for only two of the 12 matings 
was there a signiiicanL diflerence between the midparent value and F2 
mean. Further, in the genetic analysis of variance for mating means, 
only gca for A. sativa parents was significant. Thus, all evidence from 
these matings shows that the primary source of genetic variation for 
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groat-oil content is due to additive effects. 
Every one of the 12 interspecific matings gave transgressive 
segregates for groat-oil content. This provides evidence that the two 
oat species contain different alleles for groat-oil content, so A. 
sterilis may contain genes that could be useful for increasing the 
groat-oil content of cultivated oats. However, there are two disturb­
ing factors with these transgressive segregation data. First, most 
matings produced either only or predominantly high or low segregates. 
Second, there were nearly twice as many low as high segregates. 
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CONCLUSIONS 
A. sterilis accessions chosen for high groat-oil content possessed 
alleles for high groat oil that were different from high groat-oil 
alleles in A. sativa cultivars. Thus, A. sterilis can be expected to 
contribute valuable genetic variation for breeding cultivated oats 
with high oil content. At this point in time, it is not known whether 
these alleles will be linked to agronomic effects present in A. 
sterilis germplasm. Because genetic variation for groat-oil content 
was due chiefly to additive effects in the 12 interspecific matings, 
new phenotypes from selections should be recoverable in homozygous pure 
line cultivars. 
Phenotypic recurrent selection with individual plants as the unit 
of selection was effective in raising groat-oil content by an amount 
between 1.7 and 2.1% in only one cycle. This project will be continued 
with incorporation of additional superior agronomic traits followed by 
extensive recombination to develop a base population for subsequent 
cycles of recurrent selection. The ultimate objective of this project 
is to build a germplasm source from which agronomically desirable 
cultivars with very high groat-oil content can be extracted. 
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GENERAL SUMMARY AND DISCUSSION 
Previous research on groat oil of oats was summarized in the General 
Introduction and in Parts I through IV. Earlier reports show that wide 
genetic variation exists for groat-oil content within A. sativa and A. 
sterilis (Hammond, 1982); that environmental and genetic effects act 
additively to produce the great-oil phenotype (Hutchinson and Martin, 
1955; Stuke, 1960; Baker and McKenzie, 1972; Frey and Hammond, 1975; 
Youngs and Forsberg, 1979); that heritability of this trait is high even 
on a single plant basis (Stuke, 1960; Baker and McKenzie, 1972; Brown 
_et , 1974), i.e., most variation for groat-oil content within a 
population is genetic in origin; that groat-oil content exhibits poly­
genic inheritance (Baker and McKenzie, 1972; Brown £t , 1974; Frey 
^ , 1975); and that additive genetic effects are the most important, 
though not the only, form of gene action for genetic control of groat-oil 
content of oats (Baker ancj McKenzie, 1972; Brown et , 1974; Frey 
g t" ^ "^975* ^ ^ 1 o 7 o « VG i  o 7 o \ 
Evidence from the present study is consistent with the literature. 
The generation means analyses (Part III) revealed that genetic variation 
for groat-oil content exists between midwestem USA oat cultivars with 
similar groat-oil phenotypes. Further, the presence of transgressive 
segregates for great-oil content in 12 A. sativa x A. sterilis matings 
(Part IV) showed that A. sterilis contains alleles for high groat-oil 
content not present in the A. sativa cultivars used. Environmental 
effects exhibited additivity with genetic effects in Parts I, II and 
III (not examined in Part IV). Genotype x environment (g x e) 
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interaction was a significant source of variation for groat-oil content 
(Part I) and for palmitic, oleic, linoleic, and linolenic acids (Part 
II), but variation due to genotype was a much larger source of variation 
than was g x e for all five traits. In Part I, maximum observed environ­
mental effect on groat-oil content of a cultivar was 1.7% groat oil and 
environmental effects were similar (i.e., close to the maximum) for all 
cultivars, with the result that rank of cultivars for groat-oil content 
changed little over three locations. 
Pooled additive effects were the most important genetic component 
of generation means for total oil and palmitic, oleic, and linoleic acids 
in four oat matings between adapted cultivars (Part III). In two mat-
ings, additive main effects accounted for 75 to 95% of the genetic vari­
ation for all four traits and over all 16 mating-trait combinations, 75 
to 95% of genetic variation among generation means was explained by 
additive effects of alleles acting directly (main effects) or indirectly 
(interaction effects). In 12 interspecific matings (Part IV), P^-progeny 
means were similar to midparent values, showing that gene action for 
groat-oil content in these matings was additive and that the transgres-
sive segregates from these matings resulted from the cumulative additive 
effects of new combinations of alleles. Evidence for gene interactions 
(Parts III and IV) and linkage (Part III) of factors controlling groat-
oil content concur with earlier observations of the inheritance of groat-
oil content. A consequence of the additive nature of gene action and 
interaction controlling groat-oil content is that desired allelic com­
binations for groat-oil content and fatty acid composition can be fixed 
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in pure line genotypes, i.e. traditional oat cultivars. 
Because groat oil is an unselected trait that exhibits much genetic 
diversity (Part III), it is likely that alleles for high groat-oil con­
tent are randomly distributed among oat genotypes, and that no existing 
genotype contains all alleles for high values of this unselected trait. 
It should, therefore, be possible to obtain higher levels of groat-oil 
content than presently exist in cultivated oats without the use of 
alleles from unadapted oat lines. This also was the conclusion reached 
by Baker and McKenzie (1972). Even greater gains in groat-oil content 
should be possible when additional high-oil alleles from A. sterilis 
(Part IV) are incorporated into adapted genetic backgrounds. Positive 
and independent relationships, respectively, of groat-oil content with 
grain yield and maturity (Part I) are favorable to the development of 
agronomically desirable, high-yielding cultivars with high groat-oil 
content. Further, they indicate that any unfavorable alleles for grain 
yield and maturity expression introduced into breeding populations along 
with A. sterilis alleles for high groat oil can be eliminated from the 
resultant populations without losing the desirable alleles for high 
groat-oil content. 
Because groat-oil content is inherited polygenically with the pres­
ence of nonallelic interactions and linkage, recurrent selection will be 
the proper plant-breeding procedure to provide opportunity for recombina­
tion and to concentrate multiple genetic factors for high groat-oil con­
tent into desirable genotypes (Wright, 1952; Hallauer, 1981). It should 
be possible to use single plants as the units of selection because 
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environment affects absolute rather than relative groat-oil content, 
and with the result that the phenotype of an individual plant provides 
a good measure of its breeding value. This method was successfully 
used to increase kernel-oil content in com (Zea mays L.), a species 
in which seed-oil content is inherited polygenically with largely addi­
tive genetic control (Sprague and Brimhall, 1949, 1950; Sprague et al., 
1952). In fact, with additive gene action (Part III), selection can be 
based on the analysis of selfed seed from oat plants in the recur­
rent selection program. True, with this procedure the genotypes 
evaluated for groat oil content will be heterozygous, but the con­
tribution of each allele in a genotype will be evaluated correctly, 
and genotypes with the greatest potential for high values in their 
selfed progeny (i.e. having one or more favorable alleles at the great­
est number of loci) will have been saved. Negative additive x 
additive interaction effects existing in inbred progeny from 
selected hybrid plants will result in a lower mean groat oil content 
than expected (Table 2, Part III; Hayman, 1958). My study (Part III) 
showed that four of eight significant estimates of additive x additive 
interaction effects in the five-parameter analysis and five of nine 
in the two-parameter analysis were negative. However, in those mat-
ings where the estimation of both additive and additive x additive 
effects for groat-oil content were appropriate, i.e., where the oil-
content alleles were distributed isodirectionally in the parents, the 
additive effects were of much greater importance than were the epistatic 
ones. Gain per cycle probably would be higher by using plants grown 
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from seed from self-pollinations as the unit of selection for groat-oil 
content, but gain per unit time will be higher using plants grown from 
the intercross F^s. 
The three major fatty acids of oat oil, palmitic, oLîic, and 
linoleic acids, resemble total groat oil in that the genetic and 
environmental factors controlling them interact additively, they are 
polygenically inherited, and the alleles controlling them have either 
additive or additive x additive interaction effects. However, herita-
bility of fatty acid composition (Table 2, Part II) was lower than that 
of groat-oil content when estimates were based on comparable units of 
data (Stuke, 1960; Baker and McKenzie, 1972; Brown et al., 1974). The 
effect of environment on relative contents of individual fatty acids in 
seeds of crop plants, including oats, is well-documented (Canvin, 1965; 
Welch, 1975; Downey, 1976). In this study (Part II), location was a 
major source of variation for fatty acid composition (Table 3). Mating 
X location interaction was minor by comparison, although it was 
statistically significant. Welch (1975) also found additivity of en­
vironment and genotype effects for fatty acid content of oat groat oil. 
However, genotype x environment interaction within matings (line within 
matings x location) was a more important source of variation for pal­
mitic, oleic, linoleic, and linolenic acids than were genotypes (lines) 
within matings. Perhaps this resulted because the parental ranges for 
fatty acid content were smaller, relative to the midparent value, 
(Figs. 1-4, Part II) than those for groat-oil content for matings 
evaluated either in Parts III (Table 3) and IV (Table 2) of this study 
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or those studied by Baker and McKenzie (1972) and Brown et al. (1974). 
It is also possible that the gas-liquid chromatography method of 
analyzing for fatty acid content may be less accurate than the nuclear 
magnetic resonance method used to analyze oil content of groats. 
Because of similarities in the genetics of fatty acid composition 
and total groat-oil content, recurrent selection is an appropriate 
breeding method for improving all of these traits. However, the use 
of single plants as the selection unit as recommended for groat-oil 
content would permit little progress for fatty acid content. Fatty 
acid heritabilities were moderately high when based on unreplicated 
plots. Unreplicated plots are a compromise selection unit, providing 
reasonable heritability for fatty acid composition, high heritability 
for groat-oil content and low cost per unit. 
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GENERAL CONCLUSIONS 
1. Groat oil content was positively associated with grain yield 
and independent of maturity in 10 midwestem USA cultivars. These 
relationships are favorable for development of high-yielding high-
groat oil cultivars. 
2. Genotype and environment act additively to determine pheno-
types for groat-oil content and fatty acid composition. 
3. Sufficient genetic diversity for fatty acid content and groat-
oil content exists within A. sativa that gains from selection within the 
adapted gene pool can be expected. A. sterilis probably possesses 
alleles for groat-oil content not present in A. sativa. 
4. Gene action for fatty acid composition and total groat oil is 
primarily additive. Additive gene interactions also are important in 
the genetic determination of these traits. 
5. Evidence of digenic and higher-order interactions and/or linkage 
of genetic factors for palmitic, oleic, and linoleic acids and total 
groat-oil content (Part III) and progeny frequency distributions for 
content of the three fatty acids (Part II) revealed that inheritance 
of these traits is polygenic. 
6. Heritability estimates of fatty acid content are lower than 
heritabilities reported in the literature for grcat-cil content vjhen 
comparable selection units are measured. 
7. Because genetic variation exists within A. sativa and A. 
sterilis and because inheritance of this trait, although polygenic, is 
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primarily additive, the use of plant breeding methods to increase groat-
oil content of oats will be feasible and relatively simple. Additive 
gene action and interaction and the favorable relationships of groat-
oil content with grain yield indicated that high groat-oil content can 
be obtained in homozygous pure lines (i.e. the traditional oat culti-
var type) with high grain yield. 
8. Recurrent selection is an appropriate breeding method to permit 
recombination of multiple factors and to concentrate desired alleles 
for the quantitative traits, fatty acid composition and total groat-oil 
content. Single plants can be used as the selection units for groat 
oil alone. When all traits are to be selected simultaneously, unrepli-
cated plots as the selection units are a compromise between expected 
gain for fatty acid composition and cost per cycle. 
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APPENDIX 
Table Al. Means and ranges of palmitic, oleic, linoleic, and linolenic acid as percent total 
fatty acid in groat oil of parents of six oat matings 
Fatty acid 
Parent Palmitic Oleic Linoleic Linolenic 
ing Yia Y2 Y1 Y2 Y1 Y2 Y1 Y2 
1 Jaycee 17(16--19) 19(17--21) 43(39--46) 39(38-44) 38(34- 43) 36(30-38) — — M  —  
Stout 19(18--20) 19(20--21) 35(30--39) 32(30-34) 45(41--52) 42(40-44) 
2 Froker 21(19- 24) 21(17- 26) 36(31--45) 32(28-36) 42(35--46) 38(35-41) —-, 
Noble 17(14--18) 16(15--17) 37(34--41) 37(36-39) 46(41--50) 41(41-42) 
3 Otee 15(13-•17) 17(16- 22) 38(33--42) 35(29-37) 45(41--48) 41(38-42) 
Portal 18(16--20) 20(19-•20) 35(32--40) 32(31-34) 46(40--48) 43(42-49) 
4 Goodfield 17 ( 8-•19) 19(18-•20) 32(31--33) 32(30-33) 39(22--44) 44(43-45) 4. 8(3.1--5, .6) 3.9(2.7-5. 6) 
Otter 15(13-•20) 15(13-•16) 40(34-•45) 39(38-42) 40(36--42) 43(41-45) 3. 7(2.7--5, .4) 2.8(2.2 -3. 7) 
5 Otter 16(15-•17) 16(13-•18) 38(37-•41) 39(37-42) 41(38--43) 42(39-44) 3.8(3.2--5, .1) 2.5(1.6--5. 1) 
CI 7555 18(12-20) 18(15-•20) 37(35-•40) 36(35-38) 39(34--42) 41(40-43) 4. 7(2.6--5, .9) 2.8(1.9 -4. 3) 
6 Garland 19(17-•19) 19(17-•20) 31(30-•37) 30(29-33) 45(40--48) 46(43-48) 3. 7(3.0--4. 6) 4.2(3.1--5. 2) 
Noble 15(14-•16) 14(13-•15) 38(34-•41) 38(34-42) 41(39--42) 40(36-42) 4. 5(3.1--7.4) 5.0(3.0-10.4) 
^1 and Y2 Indicate the F2 and F3 growing seasons, respectively. 
